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Introduction: 


Marine  Resiliency  Study  II  (MRS  II)  is  a  collaborative  project  with  an  overarching  objective  to  develop  a 
platform  to  provide  early  analysis  of  predictors  of  mental  health  outcomes,  such  as  Post  Traumatic  Stress  in 
Marines,  in  coordination  with  the  Army  Study  of  Risk  and  Resilience  (Army  STARRS)  program,  by  evaluating 
the  physical,  family,  social,  cognitive  and  mental  health  status  of  ground  combat  Marines  deploying  to  Iraq  and 
Afghanistan.  They  study  aims  to  achieve  these  objectives  through  three  main  components.  The  three 
components  of  MRS  II  will  provide  for:  1)  Extended  evaluation  and  additional  follow-up  assessments  of 
remaining  active  duty  Marines  in  battalions  previously  assessed  by  Marine  Resiliency  Study  I  (MRS  I),  a 
prospective,  longitudinal  assessment  of  2,500  Marines  pre-  and  post-deployment  across  psychological, 
physiological  and  biological  domains.  2)  A  MRS  II  specific  assessment  of  Marines  in  battalions  slated  for 
deployment  to  enable  the  use  of  novel,  stand-alone  pre-  and  post-  deployment  measures  independent  of  other 
ongoing  projects,  but  can  be  designed  to  coordinate  with  measures  used  in  the  United  States  Army's  Study  to 
Assess  Risk  and  Resilience  in  Service  members  (STARRS).  3)  Pilot/Demonstration  projects  based  on  the  data 
from  the  original  and  MRS  II  study  for  a  series  of  small  studies  to  investigate  the  feasibility  of  targeted 
prevention  or  intervention  protocols,  or  the  use  of  new  technologies  to  identify  biomarkers.  A  specific  goal  of 
these  small  studies  would  be  to  determine  feasibility  and  to  estimate  effect  sizes  from  more  extensive  studies 
in  larger  Department  of  Defense  groups,  such  as  that  from  Army  STARRS. 

Body: 

The  primary  programmatic  aim  of  the  Marine  Resiliency  II  (MRS  II)  is  to  identify  the  individual,  social,  and 
deployment  factors  that  predict  trajectories  of  mental  health  response,  particularly  posttraumatic  stress 
disorder  (PTSD),  and  secondly,  by  integrating  and  analyzing  data  across  psychosocial,  physiological  and 
biological  domains,  to  accomplish  a  broader  multi-system  understanding  of  the  phenomenology  of  adaptation 
to  stress. 

The  specific  objectives  of  this  collaboration  and  implementation  of  MRS  II  are  to: 

1  Provide  extended  assessment  information  from  Marines  already  enrolled  in  MRS  I  so  as  to  more 
accurately  identify  modifiable  stressors  for  HQMC  that  most  strongly  predict  mental  health  and 
functional  outcomes. 

2.  In  coordination  with  HQMC,  NIMH  and  Army  STARRS,  to  provide  longitudinal  psychosocial  and 
biological  data  collection  and  analyses  so  as  to  better  understand  causes  and  risk  of  suicide  across 
services. 

3.  In  coordination  with  HQMC,  NIMH  and  Army  STARRS,  to  explore  modifiable  psychophysiological, 
biological  and  genetic  biomarkers  predictive  of  post-deployment  mental  health  outcomes. 

4  In  coordination  with  HQMC,  NIMH  and  Army  STARRS,  to  test  the  feasibility  of  specific  experimental 
designs  such  as  targeted  prevention  or  treatment  protocols,  or  the  use  of  new  technology  (e  g.  MEG). 

5.  In  coordination  with  HQMC,  NIMH  and  Army  STARRS,  to  determine  feasibility  and  estimate  effect 
sizes  of  experimental  designs  in  smaller  Marine  cohorts  for  more  extensive  studies  using  the  Army 
STARRS  cohort 

Task  1 :  To  extend  the  number  of  assessment  time-points  and  the  evaluation  period  for  all  available  Marines 
participating  in  the  Marine  Resiliency  Study  (MRS).  Marines  available  include  Marines  from  Cohort  3  (300 
Marines  from  3/4,  29  Palms)  and  Cohort  4  (400  Marines  from  3/5  and  1st  CEB,  Pendleton).  Regulatory 
approval  (University  of  California  (UCSD),  Veterans  Affairs  (VA)  and  Naval  Health  Research  Center  (NHRC)) 
is  current:  IRB  #  070533. 

Task  la:  Cohort  3  extended  post-deployment  data  collection 

•  Subtask  1:  Organize  and  maintain  materials  for  data  collection 

•  Subtask  2:  Data  collection 

•  Subtask  3:  Data  entry  and  cleaning 

•  Subtask  4:  Data  integration  and  analysis 
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Task  1b:  Cohort  4  extended  post-deployment  data  collection 

•  Subtask  1:  Organize  materials  for  data  collection 

•  Subtask  2:  Data  collection 

«  Subtask  3:  Data  entry  and  cleaning 

•  Subtask  4:  Data  integration  and  analysis 

Current  status  of  Task  1  a  and  1  b: 

Task  la:  Data  gathering  for  MRS-1 1  Project  1,  (Extension  Study),  is  complete,  and  data  entry  and  cleaning 
have  also  been  completed.  97  subjects  were  successfully  enrolled  into  this  part  of  the  project  in  January  of 
2012.  Primary  analysis  for  this  task  has  been  completed  and  data  has  been  reported  in  manuscripts,  (subtask 

4). 

Task  1b:  Assessments  for  MRS-1 1,  Project  1,  (Extension  Study)  were  not  collected,  since  3/5  and  1st  CEB  unit 
did  not  go  on  a  deployment. 

Summary  of  Task  la  and  1b:  All  IRB  approvals  (UCSD,  VAt  and  NHRC)  for  MRS-II,  Project  1  .(Extension) 
remain  current  and  Core  analysis  has  been  completed  reported  in  manuscripts.  Additional  ancillary  analysis  is 
ongoing  and  all  papers  and  data  will  be  shared  with  NMLC  and  Marine  Corps  Headquarters. 

Task  2:  To  identify  biomarker  predictors  of  PTSD  and  suicide  vulnerability  in  newly  enrolled  Marines,  pre-  and 
post-  deployment,  using  measures  that  can  be  designed  to  coordinate  with  those  used  in  Army  STARRS. 
Specifics  of  these  experimental  designs  wiil  be  developed  in  concert  with  NIMH,  HQMC  and  Army  STARRS, 

These  tasks  are  dictated  by  DOD  and  USMC  leadership  in  that  the  dates  that  the  project  can  be  executed 
based  on  deployment  and  training  dates  of  currently  participating  battalions  and  potential  battalions.  Data 
collection  timeframes  are  subject  to  change  based  on  these  schedules. 

Task  2a:  Novel  pre-post-deptoyment  research  design,  coordinated  with  Army  STARRS,  Istbattalion 

•  Subtask  1 :  Development  of  experimental  design 

•  Subtask  2:  Regulatory  approval;  amendment  or  new  IRB 

•  Subtask  3:  Data  collection 

•  Subtask  4:  Data  entry  and  cleaning 

•  Subtask  5:  Data  integration  and  analysis 

Task  2b:  Novel  post-deployment  research  design,  coordination  with  Army  STARRS,  2nd  battalion 

•  Subtask  1:  Development  of  experimental  design 

•  Subtask  2:  Regulatory  approval;  amendment  or  new  IRB 

•  Subtask  3:  Data  collection 

•  Subtask  4:  Data  entry  and  cleaning 

•  Subtask  5:  Data  integration  and  analysis 

Current  status  of  Task  2a  and  2b: 


Task  2a:  For  MRS-II,  Project  2a  (Neuro-cognition  Study)  deploying  Marines  from  1/7  were  assessed  during  the 
allotted  2012  timeframe.  In  total  570  Marines  were  available  and  consented  with  cohort  1  (Task  2a).  Seven 
Marines  declined  study  participation.  Of  enrolled  Marines,  569  completed  the  pre-deployment  study 
assessments.  428  Marines  completed  their  post-deployment  assessment  for  a  total  retention  rate  of  75.1%  of 
all  subjects  participating  in  this  portion  of  the  study. 

Task  2b:  The  MRS-II  military  liaison  and  MRS  staff  identified  a  second  battalion  of  deploying  Marines  (2/7)  to 
complete  study  recruitment  goals.  Assessments  of  these  deploying  Marines  took  place  at  29  Palms  Marine 
Base.  625  Marines  were  available  and  consented.  34  Marines  declined  study  participation.  Of  enrolled 
Marines.  458  Marines  completed  their  post-deployment  assessment  for  a  total  retention  rate  of  73.3%  of  all 
subjects  participating  in  this  portion  of  the  study. 
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Summary  of  Tasks  2a  and  2b:  Thus  total  enrollment  for  Project  2  wass  1195  recruited,  41  declined  and  1190 
completions  of  the  pre-deployment  assessments.  886  Marines  completed  their  post-deployment,  for  an  overall 
retention  rate  of  75.5%  for  this  portion  of  the  project.  A  small  recruitment  of  non-deployed  subjects  (3/7)  was 
completed  with  3/7  with  a  total  enrollment  of  195  recruited,  2  declined  and  195  completions  of  the  pre¬ 
deployment  assessments.  163  Marines  from  this  group  completed  their  post-deployment,  for  an  overall 
retention  rate  of  83.6%.  Our  goal  in  recruiting  and  assessing  non-deploying  Marines  served  as  a  non¬ 
deployment  control  group.  All  IRB  approvals  (UCSD,  VA,  and  NHRC)  for  MRS-1 1,  Project  2  (Neuro-cognition 
Study)  remain  current,  as  necessary  for  the  data  collection  as  noted  above. 

Task  3:  In  coordination  with  HQMC,  NIMH  and  Army  STARRS,  implement  demonstration  projects  that  utilize 
subgroups  drawn  from  prior  MRS  enrollees,  to  test  the  feasibility  of  specific  experimental  designs  such  as 
targeted  prevention  or  treatment  protocols  or  the  use  of  new  technology  (e.g.  MEG)  to  identify  biomarkers.  A 
specific  goal  of  the  demonstration  projects  would  be  to  determine  feasibility  and  estimate  effect  sizes  for  more 
extensive  studies  using  the  Army  STARRS  cohort. 

•  Subtask  1 ;  Identification  of  goals  of  exploratory,  demonstration  projects 

•  Subtask  2:  Development  of  experimental  design  and  local  review 

•  Subtask  3;  Project  review  by  NIMH,  Marine  Corps 

•  Subtask  4;  Regulatory  approval;  amendment  or  new  IRB 

•  Subtask  5:  Data  collection 

•  Subtask  6:  Data  entry  and  cleaning 

•  Subtask  7:  Data  integration  and  analysis 

Current  status  of  Task  3  during  this  reporting  period: 

MRS  II,  Project  3  had  four  demonstration  projects: 

1 .  For  MRS-1 1,  Project  3,  Demonstration  Project  1 ,  IRB  approvals  remain  current  to  allow  for  continued 
secondary  analysis  and  manuscript  writing.  This  project  involved  collaboration  with  University  of 
Pennsylvania  researchers  associated  with  the  Army  STARRS  Program.  Data  collection  on  this  initial 
Demonstration  Project  focused  on  validation  of  the  Penn  battery  (Ruben  Gur)  for  use  in  Project  2  is 
complete  (45  subjects)  and  all  primary  analysis  is  complete.  All  data  analysis  for  this  project  has  been 
completed.  The  wealth  of  data  generated  will  also  serve  as  a  great  resource  for  possible  future  data 
analysis,  research  studies,  and  publications. 

2.  For  MRS-11,  Project  3,  Demonstration  Project  2,  IRB  approvals  are  up-to-date  to  allow  for  continued 
secondary  analysis  and  manuscript  writing.  Project  samples  were  analyzed,  and  basic  characterization 
of  comparison  groups  (PTSD  versus  healthy)  is  complete.  A  total  of  64  PTSD  cases  and  64  combat- 
exposed  healthy,  matched  subjects  were  selected.  Blood  samples  of  these  128  Marines  were  available 
at  pre-deployment  and  at  least  once  at  post-deployment.  A  total  of  360  RNA  and  matching  DNA 
samples  have  been  extracted,  quantified,  and  RNA  seq  is  complete.  The  findings  have  been  published 
(Breen  et  al.,  2015).  DNA  samples  for  methylation  assays  (epigenetics)  were  submitted,  and  are 
complete.  Secondary  data  analysis  continues;  one  manuscript  is  near  completion  and  will  be  submitted 
for  review  to  HQMC  when  complete,  i.e.  findings  are  replicated  by  an  independent  data  set.  MRS-il  is 
working  with  other  prospective  studies  to  confirm  replications, 

3.  For  MRS-II,  Project  3,  Demonstration  Project  3,  IRB  approvals  remain  current  to  allow  for  continued 
secondary  analysis  and  manuscript  writing.  The  metabolomic  measurements  of  all  120  samples  were 
assayed,  and  primary  analysis  is  complete.  Outcomes  on  the  first  40  Marines  were  presented  at  a 
Military  Biomarker  Workshop  in  Amsterdam.  Validation  assays  were  completed  and  analyzed.  These 
assays  were  delayed  because  of  a  break-down  in  equipment,  but  were  ultimately  completed.  Initial 
analysis  indicates  that  groups  (PTSD,  mTBI,  PTSD/mTBI,  control)  can  be  grouped  by  metabolomic 
profile.  The  number  of  groupings  was  larger  than  anticipated.  Additional  samples  will  be  needed  for 
analysis  as  a  separate  project.  DOD  funds  are  currently  being  sought  to  complete  additional  assays 
and  subsequent  analysis. 
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4.  For  MRS-II,  Project  3.  Demonstration  Project  4.  all  projects  IRB  approvals  remain  current  to  allow  for 
continued  secondary  analysis  and  manuscript  writing.  This  project  was  reviewed  and  approved  by 
NIMH  and  HQMC.  Funding  for  this  study  was  allocated  and  the  project  was  reviewed  and  approved  by 
both  the  Naval  Health  Research  Center  IRB  and  the  VA-designated  IRB:  UCSD  Human  Research 
Protections  Program.  With  the  help  of  our  POC  at  HQMC,  John  Hartmann,  an 

EOD  battalion  was  identified  to  participate  and  their  post  deployment  and  post  training  assessments 
(December  2014)  were  completed.  An  initial  group  of  fifty  Marines  signed  the  informed  consents  during 
the  June  time  frame  (Jun  12  and  Jun.  14,  2013  and  Jun  26,  2013),  and  an  additional  20  signed 
informed  consents  shortly  thereafter.  Enrolled  Marines  completed  baseline  scans  and  underwent  blast 
training.  Post-training  scans  took  place  in  fall  2014  to  summer  of  2015.  Preliminary  outcomes  of 
baseline  assessments  were  presented  at  the  Military  Biomarker  Workshop  in  Amsterdam.  Additionally, 
IRB  approval  (an  adjunct  protocol)  was  obtained  to  proceed  with  distribution  of  blast  sensors,  and  to 
analyze  MEG  data  in  relation  to  blast  event  outcomes  during  field  training.  Of  the  enrolled  Marines  in 
the  Demonstration  Project  4:  MEG  Study  we  obtained  consents  for  use  of  the  blast  sensors  from  60 
Marines  during  the  allotted  October  to  December  2013  timeframe.  Of  consented  Marines,  54  (77.1%) 
received  their  blast  sensors.  Blast  sensors  from  these  Marines  were  collected  and  core  analysis  is 
complete.  Additionally,  IRB  approval  (an  adjunct  protocol)  was  obtained  to  proceed  with  distribution  of 
blast  sensors  during  deployment.  Of  the  enrolled  Marines  in  the  Demonstration  Project  4  MEG  Study 
we  obtained  consent  for  use  of  the  blast  sensors  from  17  Marines  during  the  allotted  March  2014 
timeframe.  A  subset  of  the  EOD  battalion  went  on  deployment  and  17  (24.2%)  have  received  blast 
sensors  which  were  collected  upon  their  return. 

Upon  receiving  notification  that  the  EOD  battalion  returned  to  stateside  we  began  working  with  the 
battalion  leadership  to  schedule  assessments.  Due  to  post  deployment  operational  requirements 
(OPTEMPO)  for  this  unit,  Marines  were  available  for  post-deployment  assessments  later  that  originally 
projected,  thus  our  data  collection  schedule  was  delayed  approximately  6  months.  In  November  and 
December,  2014  we  completed  our  first  post  deployment  assessment  session  and  assessed  9  subjects 
who  were  available.  Our  second  assessment  session  began  January  of  2015;  we  completed 
assessment  of  1 1  Marines  as  of  March  2015.  Our  third  assessment  session  began  April  of  201 5;  but 
due  to  operational  requirements  of  Marines  needing  scans  we  were  able  to  assess  one  Marine  during 
this  timeframe. 

A  fourth  assessment  session  began  July  of  2015  to  assess  Marines  enrolled  during  the  pre-deployment 
timeframe.  During  this  fourth  session  we  completed  assessment  of  an  additional  10  Marines.  Our 
overall  post-deployment  assessment  rate  is  31  (49.2%).  Post-deployment  assessments  continued  in 
2015.  All  principal  analysis  is  complete  and  included  in  publications.  The  dataset  generated  will 
continue  to  be  studied  for  potential  future  publications  . 

There  have  been  no  problems  in  accomplishing  the  above  tasks. 

Key  Research  Accomplishments: 

•  All  necessary  IRB  approvals  (UCSD,  VA,  and  NHRC)  for  MRS-II  are  complete  and  remain  current  for 
continuation  of  secondary  analysis  and  manuscript  writing. 

•  Data  collection  for  MRS  II,  Project  1  (Extension  study)  cohort  one  is  complete 

•  Pre-deployment  data  collection  for  MRS  II,  Project  2  (Neuro-cognition  Study)  is  complete  with  an 
overall  retention  rate  of  74.1% 

•  All  Demonstration  projects  for  MRS  II,  Project  3,  Demonstration  project  4  is  complete  with  an  overall 
retention  rate  of  49.2% 

•  A  draft  Marine  Resiliency  website  is  currently  under  review  by  Headquarters  Marine  Corps  and  will  be 
made  public  after  approval  (website  contains  general  study  information  and  publications) 

•  An  invention  has  been  submitted  (SD2014-043)  entitled  ‘Diagnostic  and  Predictive  Metabolite  Patterns 
for  Disorders  Affecting  the  Brain  and  Nervous  System”  which  resulted  from  findings  from  the  MRS  II, 
Project  3,  Demonstration  Project  3.  This  patent  addresses  use  of  metabolomics  as  a  biomarker  for 
PTSD. 
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Reportable  Outcomes: 


While  preliminary  outcomes  have  been  reported  at  meetings,  and  in  published  manuscripts,  we  continue 
secondary  analysis  and  submit  additional  manuscripts.  We  will  forward  all  published  future  manuscripts  to  our 
contacts  at  NMLC. 

We  have  a  number  of  findings  that  may  be  of  value  to  Navy  BUMED  and  HQMC: 

1.  Based  on  Project  2  analyses,  our  findings  indicate  that  longitudinal  declines  in  cognitive  performance 
after  deployment  were  observed  in  a  small  subset  of  subjects  endorsing  both  deployment  TBI  with 
L0C£1  min  and  prior  TBI  history.  Based  on  these  findings,  given  that  TBI  recent  exposure  and  severity 
were  modestly  associated  with  reduced  cognitive  performance  even  when  controlling  for  severe  TBI 
(L0030  min)  and  mood  and  anxiety  symptoms.  Therefore,  TBI  history  (recent  prior  TBI  or  multiple 
TBI)  may  be  an  additional  factor  to  consider  when  assessing  cognitive  performance  changes 
associated  with  TBI. 

2.  Given  the  high  rates  of  hearing  loss  and  tinnitus  in  the  military,  we  sought  to  examine  whether  cause, 
severity,  and  frequency  of  traumatic  brain  injury  (TBI)  increased  risk  of  post-deployment  tinnitus, 
accounting  for  co-occurring  posttraumatic  stress  disorder.  Pre-deployment  TBI  increased  the  likelihood 
of  new-onset  post-deployment  tinnitus  and  deployment-related  TBIs  likewise  increased  the  likelihood  of 
post-deployment  tinnitus.  The  likelihood  of  new-onset  post-deployment  tinnitus  was  highest  for  those 
who  were  blast-exposed,  who  reported  moderate-severe  TBI  symptoms,  and  who  sustained  multiple 
TBIs  across  study  visits,  Posttraumatic  stress  disorder  had  no  effect  on  tinnitus  outcome. 

3.  Based  on  prior  cross-sectional  evidence  for  inflammation  associated  with  PTSD,  we  sought  to 
determine  whether  inflammation  was  a  risk  factor  for  PTSD  Analysis  of  our  data  gives  evidence  that 
higher  pre-deployment  levels  of  a  blood  immune  marker,  c-reactive  protein,  are  a  risk  factor  post- 
deployment  PTSD,  accounting  for  relevant  variables  such  as  trauma  exposure  (Eraly  et  al.,  2014).  We 
sought  to  confirm  evidence  of  inflammation  as  an  associate  of,  and  risk  factor  for  PTSD  through  MRS-ll 
gene  expression  studies.  Our  gene  expression  also  indicate  that  there  is  increased  peripheral 
inflammation  associated  with  PTSD  diagnosis,  and  that  inflammation  may  be  a  risk  factor  for  PTSD, 
(Glatt  et  al.,  2013,  Tylee  et  al.,  2015,  Breen  et  al.,  2015). 

4.  Our  magnetoencephalogram  (MEG)  study  provides  further  evidence  for  use  of  MEG  imaging  to  detect 
mild  traumatic  brain  injury.  The  high-resotution  MEG  source  magnitude  images  obtained  by  Fast- 
VESTAL  method  detected  abnormalities  at  the  positive  detection  rates  of  84,5%,  86.1%,  and  83.3%  for 
the  combined  (blast-induced  plus  with  non-blast  causes),  blast,  and  non-blast  mTBI  groups, 
respectively.  We  found  that  prefrontal,  posterior  parietal,  inferior  temporal,  hippocampus,  and  cerebella 
areas  were  particularly  vulnerable  to  head  trauma.  Furthermore,  MEG  slow-wave  generation,  indicative 
of  injury,  in  prefrontal  areas  positively  correlated  with  personality  change,  trouble  concentrating, 
affective  lability,  and  depression  symptoms  (Huang  et  al.,  2014).  The  MEG  scan  technique  was  also 
able  to  visualize  brain  abnormalities,  different  markers  of  mTBI,  associated  with  PTSD.  Those  findings, 
consistent  with  to  those  observed  using  fMRl,  were  also  published  (Huang  et  al,  2014). 

5.  Based  on  our  metabolomics  analyses,  PTSD,  mild  TBI,  and  well  as  combined  PTSD/mTBI  show 
metabolomic  profiles  distinct  from  those  of  healthy  combat-deployed  Marine  controls.  Because  the 
PTSD  (without  mTBI)  metabolomics  profiles  differ  from  those  of  mTBI  alone,  and  those  of  combined 
PTSD/mTBI,  the  total  number  of  subjects  was  insufficient  to  provide  an  internal  replication  of  findings. 
Thus,  these  data  need  to  be  replicated  in  a  larger  cohort. 

6.  MRS  is  working  collaboratively  with  other  cohorts  (e.g.  Army  STARRS,  PRISMO)  and  with  NIH  funded 
consortia  to  replicate  gene  expression,  epigenetics  and  genetics  findings  in  PTSD. 

Please  see  Body  section  for  reference  to  study  related  abstract  presentations  and  slides  cited  above. 
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Conclusions  and  Recommendations: 


1 .  TBI  is  a  risk  factor  for  development  of  post-deployment  mental  health  problems,  such  as  depression 
and  PTSD,  as  well  as  tinnitus.  A  small  group  of  multiply  exposed  Marines  may  also  show  cognitive 
decline. 

Thus,  policy  recommendations  might  be  1}  Employment  of  methods  to  document  and  record  intensity  of  (e.g, 
blast  sensors)  of  blast  exposure(s);  2)  Screening  for  likely  consequences  (e  g.  mental  health  problems, 
tinnitus,  cognitive  decline),  and  3)  Additional  training  for  Marines  about  the  potential  consequences  of  TBI 
encouragement  to  seek  early  medical  assessment  for  symptoms. 

2.  Inflammation  may  be  a  risk  factor  for  development  of  PTSD 

Thus,  policy  recommendations  might  be  to  reduce  likely  sources  of  inflammation  prior  to  and  during 
deployment  of  military  personnel.  Such  action  might  include  1)  attention  to  when  vaccinations  are  given;  and 
2)  to  the  extent  possible  encourage  good  sleep  hygiene,  as  sleeplessness  increases  inflammation.  Further 
research  into  the  mechanisms  of  the  association  between  inflammation  and  PTSD  would  be  of  value. 
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3.  Dr.  Victoria  Risbrough  presented  an  early  description  and  preliminary  findings  of  the  fear  extinction  task 
at  the  International  Society  for  Psychoneuroendocrinology  Conference  in  New  York.  NY  on  Sept.  12th,  2012 
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(Canada)  Annual  Meeting  of  the  International  Society  for  Psychoneuroendocrinology,  Montreal,  August  22, 
2014  (appendix  14). 

16.  Dr.  Mingxiong  Huang  presented  "Developing  MEG  and  DTI  markers  for  PTSD"  in  a  symposium  "MEG 
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Summary 

Background:  Posttraumatic  Stress  Disorder  (PTSD)  is  a  major  public  health  concern*  especially 
given  the  recent  wars  m  Iraq  and  Afghanistan.  Nevertheless,  despite  a  sharp  increase  in  the 
incidence  of  psychiatric  disorders  in  returning  veterans,  empirically  based  prevention  strategies 
are  still  tacking.  To  develop  effective  prevention  and  treatment  strategies,  it  is  necessary  to 
understand  the  underlying  biological  mechanisms  contributing  to  PTSD  and  other  trauma  related 
symptoms. 

Methods;  The  "Marine  Resiliency  Study  II  "  {MRS  II;  October  201 1- -October  201 3)  Neurocognition 
project  is  an  investigation  of  neurocognitive  performance  in  Marines  about  to  be  depLoyed  to 
Afghanistan.  As  part  of  this  investigation,  1195  Marines  and  Navy  corpsmen  underwent  a  fear 
conditioning  and  extinction  paradigm  and  psychiatric  symptom  assessment  prior  to  deployment. 
The  current  study  assesses  (1)  the  effectiveness  of  the  fear  potentiated  startle  paradigm  in 
producing  fear  learning  and  extinction  and  (2)  the  association  of  performance  in  the  paradigm 
with  baseline  psychiatric  symptom  classes  (healthy:  n  =  923,  PTSD  symptoms:  n  =  42,  anxiety 
symptoms;  n  =  37,  and  depression  symptoms:  n  =  l2). 

Results:  Results  suggest  that  the  task  was  effective  in  producing  differential  fear  learning  and 
fear  extinction  in  this  cohort.  Further,  distinct  patterns  emerged  differentiating  the  PTSD  and 
anxiety  symptom  classes  from  both  healthy  and  depression  classes.  During  fear  acquisition, 
the  PTSD  symptom  group  was  the  onty  group  to  show  deficient  discrimination  between  the 
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conditioned  stimulus  (C5+)  and  safety  cue  (CS-),  exhibiting  larger  startle  responses  during  the 
safety  cue  compared  to  the  heaLthy  group.  During  extinction  learning,  the  PTSD  symptom  group 
showed  significantly  less  reduction  in  their  CS+  responding  over  time  compared  to  the  healthy 
group,  as  well  as  reduced  extinction  of  self-reported  anxiety  to  the  CS+  by  the  end  of  the  extinc¬ 
tion  session.  Conversely,  the  anxiety  symptom  group  showed  normal  safety  signal  discrimination 
and  extinction  of  conditioned  fear,  but  exhibited  increased  baseline  startle  reactivity  and  potenti¬ 
ated  startle  to  CS+,  as  well  as  higher  self-reported  anxiety  to  both  cues.  The  depression  symptom 
group  showed  similar  physiological  and  self-report  measures  as  the  healthy  group. 

Discussion:  These  data  are  consistent  with  the  idea  that  safety  signal  discrimination  is  a  relatively 
specific  marker  of  PTSD  symptoms  compared  to  general  anxiety  and  depression  symptoms.  Further 
research  is  needed  to  determine  if  deficits  in  fear  inhibition  vs.  exaggerated  fear  responding  are 
separate  biological  T 'domains”  across  anxiety  disorders  that  may  predict  differential  biological 
mechanisms  and  possibly  treatment  needs.  Future  longitudinal  analyses  will  examine  whether 
poor  learning  of  safety  signals  provides  a  marker  of  vulnerability  to  develop  PTSD  or  is  specific 
to  symptom  state, 

€>  2014  Elsevier  Ltd,  All  rights  reserved. 


1.  Introduction 

Posttraumatic  Stress  Disorder  (PTSD)  is  a  major  public 
health  concern  among  current  and  former  military  mem¬ 
bers,  including  those  who  have  recently  experienced  combat 
in  Iraq  and  Afghanistan  (Baker  et  aL,  2012).  For  instance, 
while  most  service  members  remain  resilient  following 
deployment,  the  incidence  of  psychiatric  disorders  among 
active-duty  service  members  has  increased  by  62%  since 
these  wars  began  in  2001  *  Specifically,  there  has  been  an 
increase  of  656%  for  PTSD  and  226%  for  anxiety  disorders,  tn 
addition,  the  cost  to  the  Department  of  Defense  (DoD)  for 
treating  these  service  members  doubted  between  2007  and 
2012  (Blakeley  and  Jansen.  2013  Congressional  Research  Ser¬ 
vice  Report).  The  Department  of  Veterans  Affairs  (VA)  and 
society  at  targe  wifi  continue  to  bear  the  cost  of  treating 
service  members  with  chronic  psychiatric  issues  long  after 
these  individuals  are  discharged  from  the  military.  According 
to  a  recent  report  by  the  institute  of  Medicine,  DoD  preven¬ 
tion  efforts  are  hampered  by  an  insufficient  empirical  base 
(National  Research  Council,  2014).  Identifying  the  underly¬ 
ing  biological  mechanisms  of  PTSD  from  other  stress- related 
disorders  is  a  key  step  in  developing  an  evidence  base  on 
which  to  design  more  effective  prevention  and  treatment 
efforts. 

The  ' 'Marine  Resiliency  Study  IT  (MR5-II;  October 
201 1  -October  201 3)  Neurocognition  project  is  an  investiga¬ 
tion  of  neurocognitive  performance  in  Marines  about  to  be 
deployed  to  Afghanistan.  Simitar  to  the  original  MRS  (Baker 
et  aL.  P  2012),  Marines  were  assessed  in  a  3.5  h  test  battery  in 
which  clinical  assessment,  self -report,  and  biological  assays 
are  combined  with  comprehensive  neurocognitive  assess¬ 
ments  once  before  deployment  and  then  again  3-6  months 
after  deployment.  The  purpose  of  MR5-U  is  to  discriminate 
between  biological  markers  that  predict  risk/ resiliency  for 
development  of  combat- stress  related  disorders  and  mark¬ 
ers  associated  specifically  with  symptom  state.  Here  we 
focus  on  one  aspect  of  these  assessments,  measurement  of 
fear  conditioning  and  extinction  learning  and  its  association 
with  psychiatric  symptom  groups  prior  to  deployment. 

Increased  responses  to  conditioned  fear  cues  and  reduced 
ability  to  inhibit  these  responses  are  well-known  features  of 


PTSD  in  civilian  and  com  bat -veteran  populations  (for  review 
see  VanElzakker  et  aL,  2013).  Reduced  ability  to  inhibit  fear 
has  recently  been  suggested  to  be  a  potential  "  biomarker" r 
specific  to  PTSD,  with  PTSD  subjects  exhibiting  poor  learn¬ 
ing  of  safety  signals  (cues  that  predict  absence  of  threat) 
compared  to  depressed  subjects  (Jovanovic  and  Norrhotm, 
2011:  Jovanovic  et  aU  2009,  2010).  Studies  in  high  trait 
anxious  participants  or  other  anxiety  disorders  are  inconsis¬ 
tent,  showing  either  normal  or  reduced  fear  inhibition  as 
measured  by  safety  signal  learning  (Kindt  and  Soeter,  2014; 
Gazendam  et  a L ,  2013;  Lissek  et  aL,  2009).  Reduced  inhi¬ 
bition  in  PTSD  patients  is  thought  to  reflect  disruption  of 
frontal  cortical  and  hippocampal  circuits  to  inhibit  amygdala 
activation  and  concomitant  fear  responses  (Admon  et  al., 
2013;  Acheson  et  al.,  2012a rb).  However,  increased  fear 
responding  to  conditioned  cues,  aversive  contexts,  or  over- 
generalization  of  fear  responses  are  shown  across  multiple 
anxiety  disorders  and  thus  may  reflect  biological  processes 
that  are  shared  across  disorders  (McTeague  and  Lang,  2012; 
Lissek  etal.,  2013;  Grillon  etaL,  1998).  Results  are  less  dear 
however  for  depression,  with  reports  of  lower,  normal,  and 
higher  aversive  responding  or  fear  conditioning  (McTeague 
and  Lang,  2012;  Grillon  et  aL,  2013;  Robinson  et  aL,  2012; 
Jovanovic  et  al. ,  2010)  depending  on  the  type  of  conditioned 
cues  and  aversive  stimuli.  Heightened  fear  responding  may 
be  due  to  increased  amygdala,  extended  amygdala,  and/or 
dorsal  anterior  cingulate  activity  in  these  disorders  (Admon 
et  al.,  2013:  Grillon,  2008).  Understanding  the  differential 
patterns  of  fear  conditioning  and  inhibition  between  symp¬ 
tom  types  will  help  identify  specific  endophenotypes  for 
further  biological  interrogation  across  stress- related  disor¬ 
ders  (Cuthbert  and  Kozak,  2013;  McTeague  and  Lang,  2012; 
Admon  etal.,  2013).  Given  that  MRS- 1 1  is  a  longitudinal  study, 
we  will  ultimately  be  able  to  determine  in  future  analyses 
if  these  putatively  differential  phenotypes  are  vulnerabil¬ 
ity  factors  or  related  specifically  to  symptom  state  after 
trauma. 

To  test  the  hypothesis  that  PTSD,  depression,  and 
general  anxiety  symptoms  may  reflect  distinct  biological 
mechanisms  and  subsequent  differential  patterns  of  fear 
conditioning  and  inhibition  abnormalities,  we  used  a  cross- 
sectional  design  to  directly  compare  fear  conditioning  and 
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extinction  across  participants  endorsing  symptoms  of  gem 
eral  anxiety,  depression,  and  PTSD  at  pre-deployment.  We 
used  the  fear  potentiated  startle  (FPS)  paradigm  established 
by  Norrhotm  et  al.  (2QQ6),  as  this  paradigm  is  sensitive  to 
both  the  reduced  fear  inhibition  (i.e.,  safety  signal  learning 
and  extinction)  and  increased  fear  conditioning  described 
in  PTSD  patients  (Norrholm  et  al, ,  201 1 ),  This  protocol  uses 
an  aversive  air-puff  as  the  unconditioned  aversive  stimu¬ 
lus*  Though  other  fear  conditioning  paradigms  have  used 
aversive  electrical  shock  as  the  unconditioned  stimulus  (i*e., 
Milad  et  at. ,  2007),  we  chose  to  use  air  puff  for  a  number  of 
reasons.  One,  use  of  an  air  puff  increased  the  feasibility  of 
testing  such  a  large  active  duty  population  in  a  time-limited 
manner  as  it  does  not  require  initial  "customization'’  of 
shock  stimuli.  Lack  of  required  customization  reduced  setup 
time  as  well  as  technical  difficulty.  Two,  we  anticipated  that 
shock  stimuli  would  be  less  acceptable  to  study  participants 
and  to  local  and  military  institutional  review  boards  given 
the  special  population  status  of  active  duty  military.  Third, 
this  protocol  uses  startle  reactivity  as  the  operational  mea¬ 
sure  of  conditioned  fear,  a  cross  species  measure  of  fear 
conditioning  for  translational  applications  in  animal  models, 
and  which  may  be  more  sensitive  to  "automatic"  or  implicit 
fear  learning  compared  to  other  measures  such  as  skin  con¬ 
ductance  (Sevenster  etaL,  2014;  Glover  etaL,  2011), 

2,  Methods 

2.1.  Participants 

1195  infantry  Marines  and  Navy  Corpsmen  enrolled  in  a 
longitudinal  study  of  the  health  effects  of  deployment  to 
Afghanistan  and  completed  the  pre-deployment  assessment. 
Data  was  collected  on  two  separate  infantry  battalions, 
identified  with  the  assistance  of  Marine  Corps  leader¬ 
ship,  1-2  mo  prior  to  deployment.  The  first  battalion  was 
deployed  from  March  2012  to  October  2012,  and  the  second 
battalion  from  September  2012  to  April  201 3.  At  the  time  of 
this  collection  period  all  Marine  infantry  were  male,  thus 
females  did  not  participate.  Ail  data  collection  occurred 
on  a  single  day,  with  the  entire  testing  battery  (of  which 
only  a  portion  is  being  presented  here)  was  completed  over 
the  course  of  approximately  Ah.  This  study  was  approved 
by  the  institutional  review  boards  of  the  University  of  Cal¬ 
ifornia  San  Diego,  VA  San  Diego  Research  Service,  and  the 
Naval  Health  Research  Center,  Written  informed  consent  was 
obtained  from  all  participants* 

2*2*  Fear  conditioning  and  extinction  procedure 

Apparatus:  Startle  pulses  (108  dB,  40ms)  were  delivered 
using  a  San  Diego  Instruments  (SDI,  San  Diego,  CA,  USA)  SR- 
HLAB  Electromyography  (EMG)  system,  Sound  levels  were 
measured  using  continuous  tones  calibrated  with  a  Quest 
Sound  Level  Meter  on  the  A  scale,  coupled  to  the  head' 
phones  with  an  artificial  ear.  The  air  puff  was  set  at  250  psi 
and  delivered  via  a  plastic  tube  positioned  2*5 cm  from  the 
center  of  the  throat,  Air- puff  onset  was  controlled  by  a 
solenoid  system  triggered  by  the  same  Acer  laptop  com¬ 
puter  that  controlled  the  startle  stimuli.  Conditioned  stimuli 
were  presented  via  E -Prime  software  {Psychology  Software 


Tools,  Inc.,  Sharpsburg,  PA,  USA)  run  on  a  Dell  desktop  com¬ 
puter  with  a  48  cm  monitor  positioned  directly  in  front  of 
the  participant.  Presentation  of  the  stimuli  by  the  E -Prime 
software  was  triggered  by  signals  from  the  EMG  system  to 
control  synchronization  of  conditioned,  startle,  and  air-puff 
stimuli* 

Eyebiink  EMG  responses  were  recorded  via  Ag/Ag  3M 
Red  Dot  electrodes  placed  at  the  orbicularis  ocuti  mus¬ 
cles  at  the  left  eye  connected  to  the  SDI  SR-HLAB  EMG 
system  and  Acer  laptop  computer  (Acheson  et  alM  2013, 
2012a, b),  A  reference  electrode  was  placed  at  the  mas¬ 
toid  bone  behind  the  left  ear.  Before  electrode  placement, 
skin  was  cleaned  with  an  alcohol  swab  and  gently  exfoli¬ 
ated  with  3  M  electrode  prep  tape.  All  electrode  resistances 
were  <10kS2.  EMG  data  were  recorded  at  a  sampling  rate 
of  t  kHz,  amplified  (0.5  mV  electrode  input  was  amplified  to 
2500 mV  signal  output),  band-pass  filtered  (100- 1000 Hz), 
rectified,  and  then  smoothed  with  a  5-point  rolling  aver¬ 
age.  Expectancy  responses  were  recorded  on  a  trial -by- trial 
basis  via  the  participant's  responses  on  a  key  pad  linked 
to  E- Prime  software.  Additional  self-report  responses  were 
recorded  at  the  end  of  each  experimental  phase  via  the  same 
keypad* 

Eyebiink  data  were  scored  via  SR-HLAB  EMG  Utilities  soft¬ 
ware  as  previously  described  (Acheson  et  al.t  20l2a,b),  in 
brief,  eyebiink  responses  were  examined  on  a  trial  by  trial 
basis  at  a  window  starting  100  ms  before  the  startle  pulse 
and  ending  200  ms  after  the  pulse*  Only  responses  that 
peaked  within  100  ms  of  pulse  onset  were  scored  as  a  startle 
response*  Trials  in  which  excessive  baseline  noise  or  arti¬ 
fact  obscured  the  startle  response  were  removed  (2.1%  of 
trials)  and  replaced  with  an  imputed  value  based  on  the 
average  of  the  immediately  preceding  and  following  tri¬ 
als* 

fear  conditioning  and  extinction  task:  The  fear  condi¬ 
tioning  and  extinction  protocol  consisted  of  two  discrete 
testing  sessions  or  "phases":  acquisition  and  extinc¬ 
tion,  Before  the  acquisition  phase  the  participants  were 
instructed  that  one  of  the  colored  symbols  predicted  when 
the  air  puff  would  appear.  Each  phase  began  with  6  star¬ 
tle  pulses  presented  in  the  absence  of  any  other  stimuli 
to  stabilize  startle  responding.  The  acquisition  phase  con¬ 
sisted  of  eight  6-s  presentations  of  the  conditioned  stimulus 
(CS+;  either  a  blue  or  yellow  circle  or  square,  balanced 
across  subjects)  that  was  paired  with  the  air  puff  in  75% 
contingency,  eight  6-s  presentations  of  a  non -reinforced 
conditioned  stimulus  (CS-;  also  either  a  blue  or  yellow  cir¬ 
cle  or  square)  that  was  never  paired  with  the  air  puff, 
and  8  presentations  of  the  startle  stimulus  in  the  absence 
of  any  stimuli  (noise  alone  or  "NA"  trial)  which  served 
as  a  measure  of  baseline  startle  across  the  phase.  The 
C5+  and  air  puff  co- terminated  on  reinforced  trials.  Star¬ 
tle  pulses  were  presented  approximately  4  s  following  C5+ 
or  CS-  onset.  The  stimuli  serving  as  CS+  and  CS-  (blue  or 
yellow  circles  or  squares)  were  randomly  assigned  across 
participants.  Contingency  awareness  was  measured  using 
a  numbered  keypad  to  report  at  each  CS+  and  CS-  trial 
whether  or  not  they  expected  to  receive  the  air  puff.  Par¬ 
ticipants  responded  with  a  "1"  if  they  expected  the  air 
puff,  "2"  if  they  were  unsure,  and  "3"  if  they  did  not 
expect  the  air  puff*  After  the  acquisition  phase,  contin¬ 
gency  awareness  was  again  assessed  via  a  questionnaire 
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D.T*  Acheson  et  al. 


asking  participants  which  stimulus  predicted  the  shock.  Self- 
reported  anxiety  during  the  cues  was  also  measured  at  this 
time ,  as  was  the  subject!  ve  aversive  ness  of  the  air-  puff  stim¬ 
uli* 

After  completing  the  acquisition  phase*  participants  were 
asked  to  sit  quietly  for  5  min  before  beginning  the  extinction 
phase.  Before  the  extinction  phase  began,  the  subjects  were 
told  to  ''remember  what  they  learned"  in  the  previous  ses¬ 
sion.  The  extinction  phase  consisted  of  16  presentations  of 
each  stimulus  type  (C5+.  C5-*  and  NA).  No  air  puffs  were 
presented  during  this  phase.  Presentations  of  startle  pulses 
were  delivered  and  ratings  of  air-puff  expectancy  were  col¬ 
lected  in  the  same  fashion  as  in  the  acquisition  phase.  After 
this  phase,  participants  again  rated  their  level  of  anxiety 
during  the  cues.  After  these  ratings  were  made*  partic¬ 
ipants  were  disconnected  from  the  apparatus  and  went 
on  to  other  assessment  stations  (see  Baker  et  ah  (2012) 
for  full  details  of  Marine  Resiliency  Study  assessment  bat¬ 
tery). 


2*3.  Assessment  of  psychiatric  symptoms 

Posttraumatic  Stress  Disorder:  Post  trauma  tic  stress  symp¬ 
toms  were  assessed  using  a  structured  diagnostic  interview, 
the  Clinician  Administered  PTSD  Scale  (CAPS;  Blake  et  al,* 
1995).  CAPS  total  scores  can  range  from  0  to  136  and  can 
be  used  as  a  measure  of  PIS  symptom  severity.  PTSO  symp¬ 
tom  group  membership  was  defined  using  the  partial  PTSD 
criteria  articulated  by  Stein  et  al.  (1997).  Partial  PTSD  cri¬ 
teria  were  chosen  due  to  the  relative  psychological  health 
of  an  active  duty  Marine  cohort.  Criteria  for  assignment  to 
the  PTSD  symptom  group  were  the  presence  of  at  least  1  B 
symptom,  2  C  symptoms,  and  2  D  symptoms,  with  minimum 
frequency  ratings  of  1  and  minimum  intensity  ratings  of  2. 
Inter-rater  reliability  in  MRS  was  high  for  both  the  CAPS  total 
score  (intradass  correlation  coefficient  -  *99)  and  for  PTSD 
diagnosis  (kappa  -  .714),  All  interviews  were  conducted  by 
study  personnel  who  were  trained,  certified  and  supervised 
by  a  licensed  psychiatrist  (D.G*B,;  Baker  et  al.P  2012). 

Anxiety:  Assignment  to  the  anxiety  symptoms  group  was 
defined  as  scoring  in  the  Moderate  to  Severe  range  (>15) 
on  the  Beck  Anxiety  Inventory  (BAI;  Beck  and  Steer,  1993). 
The  BAI  is  a  reliable  measure  of  general  anxiety  symptoms 
present  within  the  past  week,  and  discriminates  between 
anxiety  vs.  depressive  symptoms  fairly  well  (Clark  et  aL, 
1994). 

Depression:  Assignment  to  the  depression  symptoms 
group  was  defined  as  scoring  in  the  Moderate  to  Severe 
range  (>19)  on  the  Beck  Depression  Inventory  2  (BDl-2;  Beck 
et  ah  ,  1996),  The  BD1-2  measures  the  presence  of  depressive 
symptoms  within  the  past  2  weeks. 

Trauma  history:  The  Life  Events  Checklist  (LEC;  Gray 
et  al.  ,  2004)  was  used  to  assess  previous  trauma  history.  The 
LEC  evaluates  the  participant's  lifetime  experience  of  a  wide 
range  of  traumatic  events,  including  civilian  traumas  and 
combat  or  war- zone  exposure,  and  further  assesses  whether 
the  event  directly  happened  to  the  individual,  the  individ¬ 
ual  witnessed  the  event  happening  to  others,  or  whether 
the  event  was  learned  about  second-hand.  The  LEC  score 
reported  here  was  calculated  by  summing  all  of  the  items 
scored  as  "happened  to  me"  and/or  "witnessed  it"* 


2 .4,  Data  analysis 

Final  sample:  Of  the  original  1195  Marines  and  Corpsmen 
who  underwent  the  fear  conditioning  and  extinction  proto¬ 
col,  data  on  21  were  rendered  unusable  due  to  technical 
difficulties  during  testing.  An  additional  125  (10,6%  of  the 
remaining  sample}  were  excluded  from  the  analysis  because 
they  failed  to  show  a  CS+  response  greater  than  baseline 
during  the  last  half  of  the  acquisition  phase.  This  failure  to 
potentiate  above  baseline  suggested  that  the  air  puff  was 
ineffective  in  inducing  fear  in  these  subjects  that  would  be 
sufficient  to  support  learning  in  these  participants*  Further, 
35  subjects  met  our  cutoffs  for  more  than  one  symptom 
group  and  were  excluded  from  the  analysis.  This  approach 
was  taken  to  enable  comparison  of  relatively  "pure"  symp¬ 
tom  classes  on  fear  conditioning  and  extinction  phenotypes* 
See  supplemental  materials  Table  SI  for  demographic  data 
on  these  excluded  subjects.  The  remaining  1014  subjects 
were  included  in  all  analyses* 

Startle:  Startle  data  for  the  acquisition  and  extinction 
phases  were  analyzed  as  previously  described  in  Acheson 
et  al.  (2013)  by  averaging  responses  to  each  stimulus  type 
into  blocks  of  two  trials.  Within  each  block*  the  NA  averages 
were  subtracted  from  the  C5^  and  CS-  averages  to  adjust 
for  changes  in  baseline  startle  across  the  session.  Thus,  each 
CS+  and  CS-  block  represented  startle  above  baseline  for 
that  block  (e*g.,  (CS+)  -  (NA)).  Thus  there  were  4  blocks  for 
the  CS+  and  CS-  during  the  acquisition  phase,  and  8  blocks 
for  the  CS+  and  CS-  for  the  extinction  phase. 

To  compare  acquisition  across  symptom  groups,  the  anal¬ 
ysis  was  simplified  by  averaging  the  last  two  blocks  of  the 
session  across  both  CS  types  to  create  a  measure  of  respond¬ 
ing  over  the  last  half  of  the  acquisition  phase.  To  assess 
function  of  the  task,  acquisition  phase  data  were  initially 
analyzed  within  the  healthy  group  only  using  a  repeated- 
measures  ANOVA  to  assess  differences  in  response  to  each 
CS  type.  To  assess  differences  by  symptom  group,  a  2  (CS 
type)  x  4  (symptom  group)  mixed  ANGVA  was  conducted  on 
the  entire  sample*  Significant  interactions  were  followed  up 
with  alpha-adjusted  post  hoc  tests  to  assess  Cue  response 
differences  within  each  symptom  group.  To  assess  symp¬ 
tom  group  differences  in  baseline  startle,  a  one-way  ANOVA. 
with  appropriate  post  hoc  tests*  was  conducted  on  the  aver¬ 
age  NA  trial  response  across  the  last  half  of  the  extinction 
phase. 

Extinction  phase  data  were  analyzed  by  computing  a 
measure  of  rt%  conditioned  fear"*  This  score  is  similar 
to  the  "extinction  retention  index"  originated  by  MUad 
et  al.  (2007*  2008)  in  their  studies  of  fear  extinction 
memory  recall*  which  use  a  normalization  approach  to 
reduce  confounds  of  differences  in  fear  conditioning  on 
measurement  of  extinction*  For  each  subject,  the  maximal 
CS+  response  during  the  acquisition  phase  is  identified. 
A  %  conditioned  fear  is  then  calculated  for  each  of  the  8 
extinction  blocks  using  the  following  equation:  100*  (CS+ 
response  on  extinction  btock/maximum  response  across 
acquisition  blocks).  For  simplicity  of  presentation  and  anal¬ 
ysis,  these  scores  were  further  averaged  into  4  extinction 
blocks  consisting  of  4  trials  each.  The  first  block,  Early 
Extinction,  consisted  of  the  first  4  trials  of  the  phase,  Mid 
Extinction  1  trials  5-8,  Mid  Extinction  2  trials  9-12,  and 
Late  Extinction  trial  13-16.  To  assess  function  of  the  task, 
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extinction  phase  data  were  initially  analyzed  within  the 
healthy  group  only  using  a  repeated- measures  ANOVA  to 
assess  decrease  in  responding  across  the  phase.  To  assess 
differences  by  symptom  group,  a  4  (symptom  group )  x  4 
(Extinction  Block)  mixed  ANOVA  was  conducted  on  the 
entire  sample.  To  assess  symptom  group  differences  in 
baseline  startle  response  during  the  extinction  phase,  a 
4  (symptom  group)  *  4  (Extinction  Block)  mixed  ANOVA, 
with  appropriate  post  hoc  tests,  was  conducted  on  the  NA 
responses  averaged  into  blocks  analogous  to  those  above. 

Expectancy  and  self- report:  Expectancy  responses  were 
re  coded  as;  expect  air  puff  =  1 .  unsure  ^0,  do  not  expect 
air  puff  =  1,  Expectancy  responses  over  the  last  half  of 
the  acquisition  phase  (4  trials/stimulus  type)  were  averaged 
together  as  with  the  startle  data.  ANOVAs  were  applied  to 
assess  both  task  effectiveness  and  differences  by  symptom 
group  in  the  same  manner  as  with  the  startle  responses. 


Expectancy  responses  during  the  extinction  phase  were 
analyzed  by  trial,  including  the  last  4  trials  of  the  acquisi¬ 
tion  phase  (20  total  trials).  Task  effectiveness  was  assessed 
using  a  repeated-measures  ANOVA  on  the  healthy  group  only. 
A  4  (symptom  group)  x  20  (trial)  mixed  ANOVA  was  used  to 
assess  differences  by  symptom  group  across  the  entire  sam¬ 
ple. 

To  assess  task  effectiveness  on  self -reported  anxiety,  C5 
type  differences  on  post-phase  questionnaires  were  ana¬ 
lyzed  using  repeated  measures  ANOVA  on  the  healthy  group 
alone.  A  2  (CS  type)  x  4  (symptom  group)  mixed  ANOVA 
was  used  to  assess  differences  across  symptom  groups. 
Task  effectiveness  in  assessing  change  across  phase  in  self- 
reported  anxiety  was  assessed  using  a  repeated -measures 
ANOVA  in  the  healthy  group  only.  Differences  across  phase 
by  symptom  group  were  assessed  with  4  (symptom  group)  x  2 
(phase)  mixed  ANOVA  on  the  entire  sample.  In  all  analyses, 


Table  1  Demographics  and  symptom  measures. 


Symptom  group 

Healthy 

PTSD 

Anxiety 

Depression 

N 

923 

42 

37 

12 

Age  (SO) 

22.23  (2.81) 

22.63  (4.08) 

22.4  (3.27) 

21.38  (2.33) 

Months  in  the  military  (SD) 

31.29  (26.18) 

39.5  (43.89) 

32.7  (28.74) 

31  (29.64) 

Education 

<H.S. 

3,3% 

2.4% 

2.7% 

8.3% 

H.5. 

69.3% 

76,2% 

73% 

91.7% 

Some  college 

25% 

21.4% 

21.6% 

0% 

B.A. 

2,4% 

0% 

2.7% 

0% 

Post-graduate 

0% 

0% 

0% 

0% 

Rank 

Junior  enlisted 

71.3% 

76.2% 

78.4% 

91.7% 

NCO 

27.5% 

23.8% 

18,9% 

8.3% 

Officer 

1.2% 

0% 

2.7% 

0% 

Race 

White 

37.4% 

85.7% 

83,3% 

83.3% 

African-American 

3.7% 

0% 

0% 

0% 

Other 

8.9% 

14.3% 

16.2% 

16.6% 

Ethnicity 

Not  Hispanic  or  Latino 

75.8% 

64.3% 

67.5% 

75% 

Hispanic  or  Latino 

24.2% 

35.7% 

32.4% 

25% 

Marital  status 

Single,  never  married 

68,5% 

69% 

75.7% 

75% 

Married 

29,3% 

28.6% 

21.6% 

25% 

Divorced 

1.4% 

2.4% 

0% 

0% 

Separated 

0.9% 

0% 

2.7% 

0% 

Pathology  measures  (SD) 

CAPS  total  score 

9.66s  (9.34) 

43.74  (11.29) 

17.95"  (10.91) 

27.83s  (12.06) 

BAI  total  score 

2.87s  (4.03) 

4.4*  (5.54) 

20.41  (5.45) 

6.67s  (4.92) 

BDI-2  total  score 

3.89a  (4.19) 

9.86s  (5.43) 

9.65-  (5.44) 

24.17  (3.33) 

LEG  score 

4.16  (2.80) 

5.93b  (3.60) 

5.54b  (3.12) 

5.92b  (2.27) 

s  p<  .05  for  comparisons  vs.  category  reference  group  (i.e.,  PT5D  group  reference  for  CAPS  score  comparisons). 
b  p<  .05  vs.  healthy. 
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significant  interactions  were  followed  up  with  two-tailed 
Tukey  post  hoc  tests, 

3.  Results 

3.1.  Demographics 

Sample  demographics  are  displayed  in  Table  1,  There 
were  no  differences  across  symptom  groups  on  any  demo¬ 
graphic  variable.  Differences  between  symptom  groups 
did  emerge  on  the  LEC  [F(3, 1010) - 9.03,  p^.OOQf,  par¬ 
tial  j}2  *  .03],  such  that  all  symptom  groups  reported  more 
trauma  experience  relative  to  healthy  controls  (ps<.G4). 
However,  the  symptom  groups  did  not  differ  from  one 
another  Two  subjects  were  taking  psychiatric  medication 
for  reasons  other  than  smoking  cessation  or  sleep  fl  in 
the  PT5D  symptom  group  and  1  in  the  anxiety  symptom 
group).  Both  of  those  subjects  reported  taking  fluoxetine 
at  unknown  dosages.  As  expected  from  our  selection  cri¬ 
teria,  the  symptom  groups  had  significantly  higher  scores 
on  their  respective  assessment  measures  relative  to  the 
other  groups  (Table  1;  omnibus  tests  F(3,1Q10)  >  129.55, 
ps<  .0001 ;  ps<.05  for  comparisons  vs.  reference  group). 
All  symptom  groups  had  higher  levels  of  PTSD,  anxiety  and 
depression  symptoms  compared  to  controls  healthy  controls 
(ps  <  .05). 

3.2.  Overall  task  effectiveness 

3.2.1.  Acquisition 

Startle:  As  expected,  startle  responses  during  the  Acqui¬ 
sition  phase  showed  a  significant  effect  of  Cue  type, 
with  the  CS+  response  being  elevated  relative  to 
the  CS  - ,  indicating  successful  differential  fear  con¬ 
ditioning  [Fig.  1  A,  Ffl ,918)  =  475.14,  p^.OOOI.  partial 
r?*  =  .34]. 

Expectancy  and  self-report:  For  expectancy  ratings, 
participants  correctly  identified  the  CS+  as  predictive  of 
the  shock  [Fig.  2A;  F(1 ,913)  ~  3916.39,  p<.0001H  partial 
*jz=.811].  On  a  1  (expect  air  puff)  to  -1  (do  not  expect 
air  puff)  scale,  participants  averaged  a  0,59  rating  for  the 
C5+  and  a  -0.78  rating  for  the  CS-. 

On  the  post-phase  questionnaire,  88.9%  of  participants 
correctly  identified  the  C5+  as  predictive  of  the  air  puff. 
6.7%  of  participants  were  not  sure  which  CS  predicted  the  air 
puff,  and  3.1%  misidentified  the  CS-  as  predictive  of  the  air 
puff.  Overall,  participants  assigned  the  air  puff  an  average 
aversiveness  rating  of  2.31  out  of  5  (SD-  1 ,02).  Participants 
rated  higher  levels  of  subjective  anxiety  in  the  presence 
of  the  C5+  relative  to  the  CS- ,  again  indicative  of  differen¬ 
tial  fear  conditioning  [Fig.  1C;  F(1  *91 1)  -  1298.43,  p<  .0001, 
partial  ^  =  .588j. 

3.2.2.  Extinction 

Starf/e;  As  expected,  percentage  of  conditioned  fear  (nor¬ 
malized  to  the  fear  levels  displayed  in  the  acquisition  phase) 
decreased  significantly  across  the  phase,  demonstrating 
successful  fear  extinction  [Fig.  2A;  F(3,2751)^  182.87, 
p<  .0001 ,  partial  ^  =  .166], 

Expectancy  and  self-report:  Expectancy  ratings  to  the 
C5+  decreased  significantly  across  the  late  acquisition  and 
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Figure  1  (A)  Potentiated  startle  magnitudes  across  the  last 

half  of  the  acquisition  phase  by  symptom  group.  *p<  .05  for  CS+ 
vs.  CS-  comparisons,  *p<.Q5  for  PTSD  symptoms  vs.  healthy 
comparison.  (B)  Expectancy  ratings  across  the  last  half  of  the 
acquisition  phase  by  symptom  groups,  *p*.G5  for  the  C$^  vs. 
CS-  main  effect.  (C)  Self- reported  anxiety  by  symptom  groups 
following  the  acquisition  phase.  *p<  ,05  for  CS+  vs.  CS-  main 
effect  and  anxiety  symptoms  vs.  healthy  comparison. 
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Figure  2  (A)  %  acquisition  response  retained  across  the 

extinction  phase  by  symptom  group.  *p  <  .05  for  PTSD  symptoms 
vs.  healthy  comparison.  #p<  .05  for  exploratory  comparisons  vs, 
healthy  controls.  (B)  CS+  expectancy  ratings  across  the  entire 
extinction  phase.  Ratings  have  been  combined  into  4* trial  blocks 
for  clarity,  (C)  Self-reported  anxiety  following  the  acquisition 
and  extinction  phases  by  symptom  group.  fep<,05  for  compar¬ 
isons  across  phase  and  for  the  anxiety  symptoms  vs.  healthy 
comparison.  *p<  .05  for  PTSD  and  anxiety  symptoms  vs.  healthy 
comparisons  within  the  extinction  phase. 


extinction  phases  [Fig,  2B;  F(  19, 16682)  -573. 56,  p<.0QQ1, 
partial  jj2  -  .395].  From  the  acquisition  to  extinction  phases, 
post -phase  ratings  of  anxiety  to  the  C5+-  decreased  signifi¬ 
cantly  f  Fig.  3B;  F(  1 .902)  =  529.1 5,  p  <.0001,  partial  if  =  .37]. 


3.3*  Comparison  of  task  performance  between 
psychiatric  symptom  groups 

3.3.1.  Acquisition 

Baseline  startle:  There  was  a  significant  difference  between 
symptom  groups  in  average  baseline  startle  during  the  last 
half  of  the  acquisition  phase  [F(3.1010}  =  3*05,  p<.03,  par¬ 
tial  t}2  =  ,009],  such  that  the  anxiety  symptom  group  had 
a  higher  magnitude  of  startle  relative  to  healthy  controls 
(p<.009).  No  other  symptom  group  differed  from  healthy 
controls. 

Stert/e  potentiation:  When  participants  meeting  crite¬ 
ria  for  inclusion  in  a  symptom  group  were  examined,  a 
significant  symptom  group  x  Cue  type  interaction  emerged 
[Fig.  1A;  F(3,  1005)  =  3,4,  p<.02,  partial  »j2  =  .01].  Post  hoc 
tests  revealed  that  responding  to  the  C5+  was  significantly 
higher  than  responses  to  the  C5-  for  the  healthy,  anx¬ 
ious,  and  depressed  symptom  groups  (ps<.0O1),  but  not 
for  the  PTSD  symptom  group  ip<.09)  suggesting  reduced 
differential  fear  conditioning  in  the  PTSD  symptom  group. 
This  deficit  in  differential  conditioning  was  driven  by  higher 
CS-  responses  in  the  PTSD  symptom  group  relative  to  the 
healthy  group  (p<.004).  In  contrast,  the  anxiety  symp¬ 
tom  group  exhibited  a  trend  for  increased  CS+  responding 
(p<0.06)  and  no  significant  differences  in  CS-  responses 
compared  to  healthy  controls.  Maximum  CS+  responding 
was  also  calculated  across  the  groups,  and  the  anxiety 
symptom  group  showed  significantly  larger  maximum  C5+ 
responses  compared  to  the  healthy  group  [supplemental  Fig. 
1;  F(3t1  010)  =  2.73,  ,05,  partial  *j2=.0O8;  anxiety  symp¬ 

toms  vs.  healthy  p<  ,02] 

Expectancy  and  self-  report:  For  expectancy  ratings, 
there  was  no  symptom  group  *  Cue  type  interaction  [Fig,  2 A; 
F(3, 1000)  =  1.62,  ns],  nor  was  there  an  overall  effect  of 
symptom  group  [F(3, 1000)  <  1 ,0,  ns].  For  self-reported  anx¬ 
iety  there  was  a  significant  effect  of  symptom  group  [Fig. 
3A;  F(  3  >997  >  =  5.79,  p<,001T  partial  fjz  =  .017]  with  anxious 
subjects  reporting  higher  levels  of  anxiety  in  response  to 
both  cues  (p<.001).  There  was  no  symptom  group*  Cue 
type  interaction  [F(3,997)  =  1.65,  ns]. 


3.3,2.  Extinction 

Baseline  startle:  There  was  a  trend  toward  differential 
responding  between  symptom  groups  across  the  extinction 
phase  [F{3,1010)  =  2.09,  p<,  1,  partial  rj2  =  .006],  again  with 
the  anxiety  symptom  group  trending  toward  higher  response 
relative  to  healthy  controls  (p<  .  1 ), 

Start/e  potent  lotion:  A  significant  main  effect  of  symp¬ 
tom  group  was  apparent  on  ^conditioned  fear  during  the 
extinction  phase  [F(3, 1005)  =  3.05,  p<  .03,  partial  ^  =  .009], 
such  that  the  PTSD  symptom  group  maintained  a  higher 
level  of  conditioned  fear  across  the  entire  session  com¬ 
pared  to  the  healthy  controls  (p<,006}.  There  was  also 
a  trend  for  a  block  x  symptom  group  interaction  [Fig.  2A; 
F(9,3015)  =  1,66,  p<.1,  partial  jj2  =  .Q05].  Exploratory  post 
hoc  analyses  at  each  block  showed  that  the  PTSD  symptom 
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group  maintained  a  higher  level  of  conditioned  fear  rela¬ 
tive  to  healthy  controls  at  both  the  Mid  Extinction  2  and 
Late  Extinction  blocks  (ps  <  ,05)*  The  anxiety  symptom  group 
showed  a  trend  toward  higher  responding  relative  to  con¬ 
trols  during  Mid  Extinction  1  (p<  .07),  however  this  trend  was 
not  apparent  at  the  later  extinction  blocks.  The  depression 
symptom  group  did  not  differ  from  healthy  controls. 

Expectancy  and  seif- report:  Expectancy  ratings  to  the 
C5+  did  not  vary  by  symptom  group  across  the  phase  {Fig.  28; 
F(45, 14505)  -1,33,  ns],  nor  was  there  a  main  effect  of  symp¬ 
tom  group  [F(3,967}<  1.0,  ns].  For  self-reported  anxiety, 
there  were  significant  differences  in  change  across  phases 
by  symptom  group  [Fig.  3B;  F(3t988)  =  4.24,  p<.01t  partial 
tf2  =  .013],  such  that  all  groups  showed  significant  reductions 
across  phase  (ps<  .05)  with  the  exception  of  the  PTSD  symp¬ 
tom  group.  The  PTSD  and  anxiety  symptom  groups  had  higher 
responses  to  the  C$*  during  the  extinction  phase  relative  to 
the  healthy  group  (ps*.Q2).  In  addition,  there  was  a  sig¬ 
nificant  main  effect  of  symptom  group,  with  the  anxiety 
symptom  group  showing  higher  ratings  overall  relative  to  the 
healthy  group  [F(3,988)  =  5J2*  p*,002,  partial  r?2  =  *01 5J. 

4.  Discussion 

As  expected,  the  conditioning  paradigm  was  effective  in 
producing  conditioned  fear  learning  and  subsequent  extinc¬ 
tion  learning  in  our  active-duty  Marine  and  Navy  volunteers. 
Psychiatrically  healthy  participants  acquired  differential 
fear- potentiated  startle  and  self-reported  anxiety  responses 
to  the  CS+  vs.  the  CS-  and  showed  contingency  aware¬ 
ness  (expectancy  ratings).  Across  the  extinction  phase,  when 
the  air  puff  was  absent,  responses  to  the  CS+  decreased 
in  terms  of  both  potentiated  startle  and  self-reported 
anxiety.  Expectancy  ratings  showed  intact  contingency 
learning  across  extinction  as  well.  Successful  learning  in  this 
paradigm  enables  comparisons  to  be  made  in  the  learning 
patterns  among  the  various  psychiatric  symptom  groups. 

Differential  patterns  of  learning  performance  emerged 
between  psychiatric  symptom  groups.  The  PTSD  symptom 
group  was  unique  in  failing  to  show  a  differential  potenti¬ 
ated  startle  response  to  CS+  and  CS-  at  the  end  of  fear 
acquisition.  This  failure  was  due  to  PTSD  symptom  group 
subjects  maintaining  a  relatively  high  startle  response  to 
the  C5--  The  observation  of  high  startle  responses  to  the 
CS-  is  in  tine  with  existing  research  showing  that  individuals 
with  PTSD  have  difficulty  learning  to  inhibit  startle  responses 
in  the  presence  of  a  safety  signal  (Jovanovic  et  aL,  2009, 
2010).  Though  not  explicitly  termed  '"safety  signal"  in  the 
current  paradigm,  presentation  of  the  CS-  effectively  sig¬ 
nals  the  absence  of  the  air  puff,  or  safety.  Interestingly,  the 
participants  in  the  PTSD  symptom  group  showed  intact  con¬ 
tingency  awareness  in  the  expectancy  ratings,  as  well  as 
intact  discrimination  learning  as  assessed  by  self- reported 
anxiety.  These  findings  suggest  a  "disconnect"  between  the 
participant's  explicit  experience  and  automatic  physiologi¬ 
cal  responses  to  the  safety  cue  (i.e. ,  potentiated  startle). 

Across  the  extinction  phase,  the  PTSD  symptom  group 
maintained  potentiated  startle  to  the  CS+  overall  relative 
to  the  healthy  group.  The  finding  that  conditioned  fear 
responses  were  maintained  throughout  extinction  supports 
existing  research  suggesting  a  disruption  in  fear  extinction 


learning  and  recall  in  PTSD  symptom  group  subjects  rela¬ 
tive  to  healthy  controls  (Norrhotm  et  at.  ,  2011;  Milad  et  at  . 
2008;  Wessa  and  Flor,  2007:  Orr  et  al.,  2000:  Peri  et  al., 
2000),  This  greater  maintenance  of  conditioned  fear  was 
also  apparent  in  the  self- report  of  anxiety  in  response  to  the 
CS+,  which  remained  relatively  unchanged  in  the  PTSD  group 
after  extinction  training,  unlike  the  other  groups.  Again, 
the  PTSD  symptom  group  showed  normal  explicit  learning 
that  the  CS+  no  longer  predicted  the  US  (as  evidenced  by 
the  expectancy  ratings  across  the  extinction  session),  fur¬ 
ther  supporting  a  disconnect  between  explicit  contingency 
awareness  and  fear  expression.  Thus  the  current  findings  of 
deficient  inhibition  of  potentiated  startle  to  a  safety  cue 
and  reduced  extinction  of  physiological  and  emotional  fear 
responses  in  the  presence  of  intact  contingency  awareness 
supports  the  theory  that  PTSD  is  characterized  by  a  failure  to 
inhibit  automatic,  physiological  fear  responses.  This  failure 
of  inhibition  is  observed  even  though  the  subject  is  explicitly 
aware  of  a  lack  of  threat  or  danger. 

The  anxiety  symptom  group  showed  significantly  higher 
baseline  startle  responding  and  higher  CS+  potentiation 
compared  to  the  healthy  group.  This  group  also  reported 
significantly  higher  anxiety  to  both  CS+  and  CS-  after  acqui¬ 
sition  relative  to  the  healthy  group.  The  finding  that  CS+/  - 
discrimination  is  normal  in  participants  with  high  general¬ 
ized  anxiety  symptoms  is  in  line  with  other  report  that  high 
trait  anxiety  participants  exhibit  normal  CS+/C5-  discrimi¬ 
nation  (Kindt  and  Soeter,  2014:  Gazendam  et  al. ,  201 3).  The 
present  findings  of  higher  self-reported  anxiety  to  the  condi¬ 
tioned  cues  are  also  in  line  with  past  reports  using  a  similar 
protocol  (Gazendam  et  aL.,  2013),  During  extinction  train¬ 
ing,  the  anxiety  symptom  group  successfully  extinguished 
both  potentiated  startle  and  US  expectancy  to  the  C5+*  They 
also  successfully  extinguished  self- reported  anxiety  to  the 
CS+,  however  overall  responding  remained  high  compared 
to  the  other  groups.  Taken  together,  this  pattern  of  results 
is  suggestive  of  greater  explicit  anxiety  responses  during 
aversive  anticipation  in  this  group  while  fear  inhibition  and 
discrimination  processes  are  relatively  normal. 

The  depression  symptom  group  showed  response  patterns 
in  all  measures  that  were  indistinguishable  from  healthy 
controls.  The  normal  fear  inhibition  and  potentiated  star¬ 
tle  in  the  depression  group  as  assessed  by  safety  signal 
learning  and  extinction  is  in  line  with  previous  studies 
(Jovanovic  et  al.,  2010,  2012),  The  present  results  differ 
however  from  a  recent  study  in  major  depression  patients 
in  a  task  which  incorporates  both  predictable  and  unpre¬ 
dictable  aversive  stimuli  (Grilton  et  al.,  2013).  In  this  task, 
MDD  patients  exhibited  higher  baseline  startle  reactivity  as 
well  as  greater  potentiation  during  the  cue  that  was  predic¬ 
tive  (100%  contingency)  of  an  aversive  event.  The  increased 
startle  potentiation  was  associated  with  symptom  chronic  - 
ity  as  well  as  severity.  The  different  results  across  this  study 
and  the  present  study  are  unlikely  due  to  differences  in 
symptom  severity  (mean  BDI  26  vs.  29  for  present  and  pre¬ 
vious  studies,  respectively)  or  treatment  (both  studies  used 
unmedicated  participants).  It  is  possible  that  the  difference 
between  the  Grillon  et  al.  study  and  the  present  study  are 
due  to  differences  in  the  chronicity  of  symptoms,  gender 
demographics  (mixed  vs.  all  male  sample  respectively)  and 
comorbid  anxiety  (high  vs.  relatively  low  respectively).  The 
tack  of  significant  differences  in  the  present  study  must  also 
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be  interpreted  with  caution  given  the  relatively  small  sam¬ 
ple  size  in  this  group  (N - 12). 

The  present  results  suggest  differential  performance 
between  PTSD  and  anxiety  symptom  groups,  with  general 
anxiety  symptoms  being  more  associated  with  exaggerated 
fear  responses  and  PTSD  symptoms  being  specifically 
associated  with  a  failure  to  appropriately  inhibit  fear 
responses  to  safety  signals  and  reduced  extinction.  This 
differential  pattern  of  results  is  suggestive  of  differences 
at  the  neurocircuit  level.  The  higher  overall  responding 
in  the  anxiety  symptom  group  may  reflect  hyperactivity 
in  emotion-generating  limbic  circuits,  consistent  with  the 
neuroimaging  evidence  for  heightened  amygdala  activation 
to  negative  provocation  in  subjects  with  generalized  anxiety 
(i.e*,  Rauch  et  at.,  2003),  While  PTSD  has  also  been  asso¬ 
ciated  with  limbic  system  hyperactivity  (Shin  et  alM  2006), 
neuroimaging  studies  have  shown  more  pronounced  findings 
of  hypoactivation  in  structures  responsible  for  inhibition  of 
the  limbic  system,  specifically  the  medial  prefrontal  cortex 
(mPFC)  and  the  rostral  and  dorsal  regions  of  the  anterior 
cingulate  cortex  (Etkin  and  Wager,  2007),  Further,  MHad 
et  ah  (2007,  2008)  have  demonstrated  that  individuals 
with  PTSD  exhibit  reduced  ability  to  recall  fear  extinction 
(or  fear  inhibition)  24  h  after  initial  learning,  an  ability 
that  is  dependent  upon  mPFC  activation.  Reduced  activity 
of  ventromedial  prefrontal  cortex  is  also  associated  with 
increased  potentiation  to  CS-  and  reduced  extinction  of  C5+ 
(Jovanovic  et  at.,  2013),  Thus  this  pattern  of  hypoactivation 
in  fear  inhibition  circuits  may  be  reflected  in  the  current 
results  of  relatively  normal  magnitude  of  fear  responses 
but  poor  safety-signal  learning  and  reduced  extinction  in 
PTSD  symptom  groups.  The  present  findings  also  raise  the 
possibility  that  this  task  could  identify,  via  differential  pat* 
terns  of  response  (exaggerated  fear  response  vs.  impaired 
Fear  inhibition),  those  who  are  neurobiologkally  at  risk 
for  developing  a  certain  class  of  pathology  post-trauma. 
Previous  research  has  suggested  that  impaired  fear  extinc¬ 
tion  may  be  a  marker  for  increased  risk  of  developing  PTSD 
following  a  trauma  (Guthrie  and  Bryant,  2006;  Pole  et  aL, 
2009;  Lommen  et  al.,  2013)-  Future  studies  may  examine 
whether  these  phenotypes  predict  differential  treatment 
responses  to  pharmacological  or  behavioral  therapies. 

Some  limitations  of  the  current  study  must  be  acknowl¬ 
edged,  First,  the  paradigm  was  not  effective  in  producing 
fear -potentiated  startle  in  M1%  of  the  study  participants 
tested.  While  this  failure  resulted  in  a  reduction  of  sample 
size,  the  excluded  participants  did  not  appear  to  differ 
systematically  from  the  study  volunteers  as  a  whole 
(supplemental  Table  1),  Second,  the  study  was  conducted 
on  a  highly  screened  cohort  of  active  duty  Marines  and 
Navy  corpsmen,  which  limited  the  number  of  participants 
displaying  psychiatric  symptoms  of  sufficient  intensity  for 
inclusion  in  the  symptom  groups.  Therefore,  the  number  of 
participants  included  in  the  symptom  groups  is  relatively 
smal^  particularly  the  depression  group.  It  is  possible 
that  low  power  may  have  contributed  to  the  inability  to 
detect  significant  differences  in  between  the  depression 
and  healthy  control  group.  However  it  is  important  to 
note  that  the  present  findings  of  normal  fear  inhibition 
and  extinction  in  the  depression  symptom  group  replicate 
previous  studies  with  greater  subject  numbers  (Jovanovic 
et  at,  2009,  2010).  Third,  the  current  study  did  not 


explicitly  examine  the  effects  of  trauma  or  deployment 
history  on  fear  conditioning  and  extinction  performance,  or 
on  psychiatric  outcomes.  All  symptom  groups  exhibited  sig¬ 
nificantly  higher  trauma  burden  severity  (i.e.,  LEG  scores) 
compared  to  the  healthy  group,  however  no  differences 
were  detected  between  PTSD,  anxiety  and  depression 
symptom  groups,  suggesting  that  trauma  burden  alone  is 
unlikely  to  explain  differences  in  task  performance  across 
the  symptom  groups.  Future  analyses  will  investigate  the 
role  of  these  variables  in  influencing  task  performance,  as 
well  as  their  interaction  with  psychiatric  symptoms.  Finally, 
while  the  symptom  groups  had  significantly  higher  scores  on 
their  respective  assessment  measures  relative  to  the  other 
groups  (Table  1),  all  symptom  groups  also  differed  from 
healthy  controls  across  all  measures.  This  elevation  across 
symptom  measures  speaks  to  the  difficulty  of  achieving 
"pure"  symptom  categories  given  the  large  amount  of 
overlap  in  phenomenology  among  these  conditions.  How¬ 
ever,  the  current  paradigm  was  effective  in  discriminating 
between  symptom  classes  based  on  severity,  and  as  whole  it 
appears  that  the  current  results  have  captured  differences 
between  groups  characterized  by  predominant  symptoms 
unique  to  anxiety  and  PTSD.  A  final  limitation  is  the  use  of 
categorical  cutoffs  for  our  symptom  groups,  which  are  nec* 
essarily  arbitrary.  However,  treating  our  symptom  indicators 
as  quantitative  is  problematic  given  our  largely  healthy 
sample.  Future  research  in  other  naturalistic  samples  may 
wish  to  examine  quantitative  relationships  between  fear 
learning  indices  and  symptoms  of  psychopathology. 

In  sum,  the  fear  conditioning  and  extinction  paradigm 
appears  to  function  as  anticipated  in  this  active-duty 
Marine/Navy  cohort.  Further,  the  current  study  represents 
the  first  direct  comparison  of  fear  conditioning  and  extinc¬ 
tion  performance  across  healthy  control,  PTSD,  anxiety,  and 
depression  symptom  groups  in  a  fairly  homogenous  sample. 
The  results  point  to  differential  biobehavioral  "signatures" 
associated  with  distinct  symptom  groups  and  may  lead 
toward  development  of  objective  markers  for  classification 
of  psychiatric  dysfunction.  Future  research  in  this  sample 
will  continue  to  characterize  the  nature  of  fear  learning 
abnormalities  and  examine  whether  poor  learning  of  safety 
signals  provides  a  marker  of  vulnerability  to  develop  PTSD 
or  is  specific  to  symptom  state. 
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History  of  childhood  trauma  (CT)  is  highly  prevalent  and  may  lead  to  long-term  consequences  on 
physical  and  mental  health.  This  study  investigated  the  independent  association  of  CT  with  symptoms  of 
adult  depression  and  post  traumatic  stress  disorder  (PTSD),  mental  and  physical  health -related  quality  of 
life  (HRQoL),  as  well  as  current  tobacco  consumption  and  alcohol  abuse  in  a  large  homogenous  cohort  of 
1254  never-deployed,  young  male  Marines  enrolled  in  the  Marine  Resiliency  Study.  Independent  effects 
of  CT  history,  number  anti  type  of  CT  on  outcomes  were  analyzed  using  hierarchical  multivariate  logistic 
regression  models.  Our  results  suggested  dose-dependeni  negative  effect  of  an  increasing  number  of 
trauma  types  of  Cf  on  depression,  PTSD  and  HRQoL  Experience  of  single  CT  type  demonstrated  overall 
weak  effects,  while  history  of  multiple  CT  types  distinctively  increased  the  likelihood  of  adult  PTSD 
sym  pto  mo  logy  (OR:  3.1,95%  Ct:  1.5-62),  poor  menu)  (OR:  2.3,  95%  Cl:  L7-3.!)and  physical  HRQnljOR: 
14,  95%  O:  1.1— T9).  Risk  for  depression  symptoms  was  simitar  for  both  single  and  multiple  CT  (OR:  22. 
95%  Cl:  13-3.8  and  OR:  2.1,  95%  G:  1. 2-3.5  respectively).  CT  history  had  no  effects  on  current  tobacco 
use  and  alcohol  abuse.  Our  study  thus  provides  evidence  for  substantial  additive  effect  of  different  Cf 
types  on  adult  mental  and  physical  health  with  increasing  levels  of  exposure. 
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1.  introduction 

Experience  of  early-life  stressors  is  highly  prevalent  in  the 
general  population  and  constitutes  a  major  public  health  problem 
(Edwards  et  al,  2003;  Gilbert  et  al.,  2009;  Green  et  al,  2010). 
Persistent  functional,  and  epigenetic  changes  as  a  sequelae  of  early 
trauma  could  mediate  risk  for  disease  in  adulthood,  and  lead  to 
cumulative  disadvantages  and  increased  physical  and  mental 
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morbidity  in  later  life  (Kaufman  et  aL,  2000;  Nemeroff,  2004; 
Gilbert  et  al,  2009;  Shonkoff  et  al.  2009).  Especially  a  higher  risk 
for  psychiatric  disorders  (e.g*,  depression,  posttraumatie  stress 
disorder  and  other  anxiety  disorders)  and  their  unfavorable  out- 
comes  has  been  repeatedly  associated  with  a  history  of  childhood 
trauma  (CT)  in  several  retrospective  (Heim  and  Nemetoft.  2003; 
Maercker  et  al,  2004;  Pirkola  et  al.  2005:  Scott  el  aL  20 H :  Marnit 
et  al,  2012)  bur  also  prospective  studies  (Koenen  et  al,  2007; 
Wang  et  al.  2010;  Bemrsen  et  al.  2012;  Hovens  et  at.,  20121 
Nevertheless,  the  chronic  physical  health  consequences  of  child¬ 
hood  adversities  may  be  as  substantial  as  mental  health  conse- 
quencesfGoodwin  and  Stein,  2004;  Scott  eta].,  2011 1  Prior  research 
suggests  an  association  or  CT  with  cardiovascular,  pulmonary  and 
metabolic  diseases,  chronic  inflammatory  and  pain  syndromes, 
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frequency  or  medical  con  su  Hat  ion  sand  number  of  medical  diagnoses 
(Dong  et  aL*  2004;  Springer  et  al.,  2007;  Korkeita  et  al*  2010;  Stein 
e[  ak*  2010:  Tamayo  et  al.,  2010;  Soort  et  al.,  2011 ),  in  addition,  risk 
behavior  patterns  such  as  substance  use  and  especially  tobacco  and 
alcohol  consumption  are  considered  significantly  increased  in  in¬ 
dividuals  with  experience  of  CT  (Spraci  et  al**  2009;  Khaury  et  al*. 
2010;  Wu  et  al,  2010;  Strine  ei  al„  2012;  Fenton  et  al.,  2013;  Fuller- 
Thomson  et  a1,*2013)*  Consequently,  many  studies  have  reported  a 
negative  impact  of  CT  on  adult  general  mental  and  physical  health- 
related  quality  of  life  (HRQoL)  (Walker  ei  aL  1999;  Spertus  et  al.. 
2003;  Elstad*  2005;  Draper  et  al,  2008;  Dube  et  al,t  2010)* 

However,  prior  studies  have  generally  focused  on  smaller,  din- 
teal  and  mostly  female  samples  reporting  specific  trauma  types, 
namely  sexual  or  physical  abuse  or  larger  but  heterogeneous 
community  samples.  Additionally,  previous  research  has  largely 
failed  to  control  for  other  variables  that  have  an  independent  as¬ 
sociation  with  physical  and  mental  CT  sequelae*  such  as  frequency 
and  type  of  Cf,  ethnicity,  age,  current  psycho  pathology,  employ¬ 
ment  and  socioeconomic  status  (Edwards  er  al.  2003;  Thompson 
et  al*.  2004;  Pirkola  et  al.*  2005;  Finkethor  et  al**  2007;  SuElman 
et  al..  2009:  Mock  and  Arai.  2010).  However,  more  recently, 
studies  that  show  an  association  between  CT  and  adult  mental  and 
physical  health  have  tended  to  appropriately  include  possible 
confounds  in  their  analyses  enabling  better  interpretablNty  and 
generalizability  of  findings  (Chu  et  al,  2013). 

The  purpose  of  this  study  is  to  extend  outcomes  of  prior 
research  by  examining  the  independent  impact  of  CT  history,  type 
and  number  of  traumas  on  adult  symptoms  of  depression  and 
PTSD*  substance  abuse  and  mental  and  physical  HRQoL  in  a  large* 
homogenous  group  of  young  male  Marines*  account  ing  for  possible 
confounds.  We  hypothesized  that  Cf  history  would  he  a  robust 
predictor  of  all  outcome  variables  and  exert  a  cumulative  effect 
with  increasing  level  of  reported  traumatization* 

Z  Methods 

Data  were  collected  as  part  of  the  "Marine  Resiliency  Study" 
(MRS),  a  large*  prospective  investigation  of  active-duty  male 


Marines  recruited  from  Four  infantry  battalions  of  the  1st  Marine 
Division*  CA  (VA  R&D  and  UCSD  IRES  approval  #070533)  (Baker 
et  aU20i2)* 

2J,  Subjects 

A  total  of  25S5  subjects  were  recruited  and  assessed  on  base 
prior  to  scheduled  deployment*  After  complete  description  of  the 
study,  written  informed  consent  was  obtained.  To  increase  the 
homogeneity  of  ourcohort  and  to  reduce  possible  confounds  due  to 
prior  deployment,  only  Marines  without  a  prior  deployment  his¬ 
tory  were  included  in  the  current  analyses  (n  -  1254;  mean  age 
21.5  ±  2.4  years;  range:  IS— 43 )*  There  were  no  other  exclusion 
criteria.  The  demographic  and  psychometric  characteristics  of  the 
srudy  sample  are  presented  in  Table  1* 

2.2.  Measures 

History  of  childhood  maltreatment  was  assessed  with  the 
Childhood  Trauma  Questionnaire  (CTQJ  (Bernstein  and  fink,  1998). 
The  five  CTQ  subscales  (emotional  abuse;  physical  abuse:  sexual 
abuse;  emotional  neglect;  physical  neglect)  sum  to  a  total  CTQscore 
(range:  25—125)*  Presence  of  specific  trauma  types  (yes/no)  was 
determined  by  meeting  a  threshold  of  moderate  maltreatment 
severity  as  indicated  by  existing  guidelines  and  prior  research  (cut¬ 
off  scores:  emotional  abuse:  13:  physical  abuse:  >10;  sexual 
abuse:  >8;  emotional  neglect:  >15;  physical  neglect:  10)  (Stiver 
et  al,  2001).  We  categorized  our  population  according  to  the 
presence  of  CT  (no  Cf;  none  of  the  CY  subcategories  experienced; 
one  CT:  one  CT  sub  category  experienced;  multiple  CT:  >2  CF  sub- 
c  alegor tes  experienced)* 

Depression  symptoms  was  assessed  using  the  Beck  Depression 
Jnventory-J]  (BDl)(Bcck  vtal,  1961  )/fhe  suggested  BD1  score  of  j2G 
was  used  as  a  cut-off  score  indicating  at  least  moderate  depression 
(Beck  et  al*  1996).  Posrtraumaric  stress  symptoms  were  assessed 
with  the  Clinician  Administered  PTSD  Scale  (CAPS)  (Blake  et  al*, 
1995).  A  DSM-1V  diagnosis  of  PTSD  was  made  using  the  well- 
established  Fl/2  scoring  rule  (Weathers  et  aL  1999)* 


Table  1 

Sododemographit  and  psychometric  dam  of  the  total  study  population  (n  1254). 


Demographic  information  Childhood  trauma  prevalence 


Age  (yrc) 

213  ±  2.4(18-43) 

Childhood  trauma 

Education 

NoCT 

652(53.7%) 

Some  High  School  or  CED 

59  (4.7%) 

One  CT 

261  (21.5%) 

High  School  Diploma 

795(63.9%) 

Multiple  CT 

302  (2491;) 

Some  College 

328  (26.4%) 

2  CT 

138(11.4%) 

College /Masters  Degree 

62  (5.0%) 

3CT 

78  (62%) 

Marital  status 

4  CT 

73  ($.8%) 

Never  married 

943  (75.5%) 

5CT 

13  (10%) 

Married 

298  (23*8%) 

Emotional  abuse 

147(12.0%) 

D  ivorced  /separa  ted  ( w  idowed 

9(0,7%) 

Physical  abuse 

392  (32,1%) 

Race 

Sexual  abuse 

76  [B2%) 

Black/Afrtcan  American 

67  (5.5%) 

Emotional  neglect 

240(19.7$) 

Caucasian 

1030(83,8%) 

PhysiCiil  neglect 

282  (23.0%) 

Other 

131  (10,7%) 

Tobacco  use 

70S  (56.8%) 

Psychometric  data 

BD1  total  Score 

4  (0-51) 

5F-12MCS 

50,5  (8.8-69,7) 

Depression 

100  (AJQ%) 

Poor  mental  heal  lb 

612(49*5%) 

CAPS  total  score 

10{(H101) 

SP-12  PCS 

55.9  (21*6-72*0) 

PTSD 

55  (4.4%) 

Poor  physical  health 

618(50,0%) 

AUDIT  total  score 

9  (0-33) 

Cm  total  score 

36(25-1021 

Alcohol  abuse  (AUDIT  level  >  2) 

534  (42,9%) 

Descriptive  statistics  are  given  as  mean  ±  SD  for  normally  distributed  continuous  variables,  median  values  {min -max)  for  skewed  continuous  variables  and  total  numbers  and 

proportions  (X)  oF  valid  answers  (excluding  N/A)  for  categorical  variables,  as  required  Values  in  categorical  variables  are  reported  for  presence  of  characteristic  AUDIT:  Alcohol  Use 
Disorders !  d  ent  ifi  cation  Test ;  CT:  Childhood  trauma;  CTQ:  Childhood  Trauma  Questionnaire:  rouhiple  CT:>2CT  subeategoriei  experienced;  HDi:  heck  Depression  Inventory^!;  CAPS: 
Clinician  Administered  PTSD  Scale;  PTSD:  Posttrau malic  Stress  Disorder:  SF-12: 12-Item  Short  Form  Health  Survey;  PCS;  Physical  Component  Score;  MG:  Mental  Component  Score. 
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Table  2 

Sample  character] sties  according  to  sdf<opaned  childhood  trauma  history* 


Variables 

No  CF  (n  =  652) 

One  CT  (n  -  261) 

Multiple  CT  (it  -  302| 

No  vs, 

OneCT 

Sig 

No  vs. 
Multiple  CT 

Ago  (yrs) 

21.5  ±  25 

21*4  +  2T 

21.4  ±  2.2 

ns 

ns 

crQ  total 

31  (25-46) 

40  (30— 55) 

56(35-102) 

<,OG1 

<*001 

BDI  total 

3  (0-40) 

5(0-44) 

7(0-51) 

<001 

<*OD! 

CAPS  total 

7  (0—74) 

13(0-80) 

17(0-101] 

<*001 

<*001 

ST-12  MCS 

52.0  (15*5—66.5) 

49,9  (85456*4) 

47.4(15.2-62,0) 

<.01 

<*00! 

SF-12  PCS 

56,1  (325-593) 

56.1  (40,0-69,4) 

55,6  (34,9-72,0) 

05 

<*05 

AUDIT  foul 

8  (0—29) 

9(0-33) 

10(0-28) 

ns 

<.05 

Depression 

31  (S.Qfc) 

28(12.0%) 

35(13  A%) 

<.01 

<.001 

TOD 

14(2*2X} 

12  (4*6%) 

25  (8.331] 

<.05 

<*001 

Tobacco  use 

383(58,84) 

145  (55,6%) 

165  (54.8%) 

ns 

ns 

Alcohol  abuse 

272  (41, m 

11614-mj 

136  (45*23) 

ns 

ns 

Poor  mental  HRQoL 

264(40.7%) 

137  (53.3$) 

191  (63,9£) 

<.01 

<*001 

Poor  physical  HKQoL 

300  £463%) 

128(49.8%) 

168(56.23:) 

ns 

<.01 

Descriptive  statistics  arc  given  as  mean  *  SD  far  normally  distributed  continuous  variables,  median  values  (min-max)  for  skewed  continuous  variables  and  total  numbers  and 
proportions  of  valid  samples  (%)  for  categorical  variables,  as  required*  Values  in  categorical  variables  arc  reported  for  presence  of  characteristic  (tobacco  use,  alcohol  abuse, 
depression,  TT5D.  poor  menial  and  physical  health),  Siaiisu tally  significant  p-vdlues  are  bolded, 

CT:  Childhood  trauma;  £TQ:  Childhood  Trauma  Questionnaire;  multiple  CT:  >2  CT  subcategories  experienced;  BD1;  beck  Depression  Invent ory-l I ;  CA!>5:  Clinician  Admin¬ 
istered  PTSD  Scale;  SF-12:  12-ltem  Short  Form  Heallii  Survey;  MCS;  Mental  Component  Score;  PCS;  Physical  Component  Score;  TOP;  Postiraumatic  Stress  disorder;  ns;  non¬ 
significant* 


Alcohol  consumption  was  self-reported  on  the  Alcohol  Use  Dis¬ 
orders  Idemirtcarion  Test  (AUDIT)  (Saunders  et  aL.  1993),  We  cate¬ 
gorized  participants  into  four  levels  of  hazardous  drinking  severity, 
consistent  with  prior  literature  (0-7:  level  1,  8-15:  level  2, 16-19: 
level  3,  20-40:  level  4),  An  AlfDrT  level  >2  indicates  hazardous 
drinking  and  has  been  used  as  a  cut-off  to  define  alcohol  abuse  ( Babor 
et  aL,  2001).  Tobacco  use  status  (smoking  1  cigareue  or  chewing 
tobacco  1  x/day  or  more)  has  been  assessed  as  a  dichotomous  vari¬ 
able  (yes/no)  as  in  prior  studies  (Covey  and  Tain,  1990).  Demographic 
information  has  been  assessed  by  MRS  study  questionnaires. 

Physical  and  mental  HRQoL  were  assessed  with  the  Medical 
Outcome  Study  12-Item  Short  form  Health  Survey  (SF-12)  (Ware 
er  al,  1996)*  The  5F-12  uses  US  General  population  means  and 
standard  deviations  to  provide  standardized,  empirically  derived 
physical  (PCS)  and  mental  health  (MCS)  composite  summary  scores 
ranging  from  0  to  100  with  lower  scores  representing  poorer  health 
functioning.  The  PCS  assesses  physical  limitations,  difficulties  in 
self-care,  role  performance*  physical  and  social  activities,  ett,T  while 
the  MCS  assesses  psychological  distress  and  social  and  role  limi¬ 
tations  due  to  emotional  problems.  MCS  and  PCS  median  values 
were  used  to  categorize  individuals  with  an  MCS  and  PCS  total  score 
below  (poor  HRQoL)  or  above  median  score  of  the  assessed 


population,  similar  to  prior  studies  {Weber  er  aL,  2005.  Drape  f 
el  aL  2008)* 

2.3,  Starts  tiro/  analysis 

We  compared  variable  differences  using  chi-square  tests, 
independent-sample  t-tests  and  Mann— Whitney  U  tests  as  appro¬ 
priate.  In  order  to  investigate  correlations  between  number  of  CT 
experienced  and  AUDIT,  CAPS.  BDI,  SF-12  PCS  and  SP-12  MCS  total 
scores,  psychometric  scores  were  log  transformed  for  parametric 
analysis.  Relationships  were  investigated  using  the  Pearson  pro- 
duct-moment  correlation  coefficient  r.  Separate  univariate  logistic 
regressions  were  performed  to  assess  the  impact  of  various  factors 
on  the  likelihood  of  depression  and  FT5D  diagnosis,  poor  mental 
and  physical  health,  as  well  as  tobacco  consumption  and  alcohol 
abuse  {cf  fable  3),  Multivariate  logistic  regression  was  performed 
to  determine  the  independent  association  of  CT  level  (single  or 
multiple),  number  of  CT  types  reported  and  Cf  type  on  outcomes 
respectively,  after  controlling  for  significant  con  founders  {cf 
Table  4,  Legend)  as  shown  in  the  prior  univariate  analyses.  Finally, 
we  verified  that  all  our  statistically  significant  results  from  the 
multivariate  logistic  regressions  were  in  fact  significant  by 


Table  3 

Univariate  associations  between  various  predictive  factors  and  adult  health  outcomes  in  the  total  sample  (n  -  1254), 


Predictors 

08(95^0) 

Depression 

TOD 

Poor  mental  health 

Poor  physical  health 

Tobacco  use 

Alcohol  abuse 

Age 

,94  (,86-1.04) 

*97  (,87-1.10) 

,95  (,90-39)* 

1,00  (.95—1,05) 

1*02  (.97-1,07) 

1*05  (1*00- LI  or 

Tobacco  use 

1*15  (.76—1*75) 

1,46  {,83-237) 

.96  {*77-1.21 ) 

1,06  (.85-133) 

- 

4*17(336— 534)'** 

Alcohol  abuse 

1.70  {1.13—257}" 

1.30  (.76—2,24) 

134  (1.07—1.68)* 

T.04  (.83-130) 

- 

— 

Depression 

- 

11.32  (6*33—20.24)*“* 

18.56  (8,06—42,72)*** 

.94  (.62—1.41 ) 

— 

— 

TOD 

- 

- 

4.86  (2,43—9,74)*** 

20  (1*20-3.79)* 

— 

— 

Poor  physical  health 

- 

- 

*80  (*64-1*01) 

- 

— 

- 

Number  of  CTs 

Cl  level 

1*34  (1*17— 1.54)*** 

1*54  (1.29—1*34)*** 

1.42  (  1.29—1.57)*“* 

1*14  (1.05-1*25)** 

33  (,85-1*02) 

1,03  (*94-1*13) 

One  CT 

2.40  (1.41—4.09)** 

220(1.00-^.83)* 

1,66(1.24-2.22)** 

1.1 5  (.86—134) 

.87  (.65—1,17) 

1.1 1  (.83-1.49) 

Multiple  CT 

2.63  (1.59— 4*36) 

4.14(212-8 .08)'" 

257  i  1.94-3.41)**" 

1.49(1.13-1*96)"* 

.85  (.64-1.12) 

LI  5  (.87-1 .51) 

Results  of  significant  univariate  logistic  regression  analyses.  Results  are  reported  as  odds  ratios  (OR)  with  the  §5%  confidence  interval  (9S£  Cl).  Significant  OR  are  bolded; 
*p  <  *05,  "Pp  <  ,0  L"*p<.00L 

Cohort  showed  a  significant  association  to  alcohol  abuse  (respectively  p  .001),  while  race,  education  level  and  marital  status  did  nm  reach  statistical  significance  in  any 
univariate  regression  analysis  (data  not  shown).  Because  of  the  multi-categorical  structure  of  these  variables,  they  were  not  included  in  the  table  in  terms  of  space  man¬ 
agement.  CT:  Childhood  Trauma;  PT$D:  Posttraumatic  stress  disorder;  number  of  CTs;  Number  of  different  CT  suhcategorics  experienced;  multiple  CT;  >2  CT  suheategories 
experienced. 
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Table  4 

Independent  associations  between  number  Of  childhood  traumas  Lypcs  and  health-r elated  quality  of  life*  depression  and  PTSD  in  adulthood. 


Predictors 

Depression* 

H3D|J 

Poor  mental  health 

Poor  physical  health^ 

CT  level 

One  CT 

Z21  (1.28— 382)** 

1.(52  (.71-3.68) 

1,44  (1.06-1.95)* 

1,14  (.85—132) 

Multiple  CT 

2.06  (1*21-3*51  P* 

3.09 1 1 .54—6.22)** 

2.29(1.70-3.07)*" 

1.43  (1.03-1,89)* 

Number  of  CTs 

1JZS  (1.10-1,48)" 

1.41  (1.16-1,70)"* 

06  (1*23-1. SO}*" 

1,13  ( 1.03—1.24)** 

Results  qf  multivariate  regression  analyses  controlling  Tor  significant  confountlei s.  Results  are  reported  as  odds  ratios  (OR}  with  the  95*  confidence  interval  (95%  GJ.  Sig- 
mficani  OR  arc  bolded;  *p  <  .05,  **p  <  .01.  ***p  <  .001.  CT:  Childhood  Trauma;  PISD;  Tosttraumatic  stress  disorder;  number  of  CTs:  Number  of  different  CT  subcatcgories 
experienced;  multiple  CT;  >2CT  subcateKoiies  experienced.  Multivariate  models  were  all  statistically  significant  and  adjusted  as  follows: 

*  The  full  model  contained  alcohol  abuse  and  PTSD  diagnosis  as  additional  jaredictors  (Model  significance;  p  <  ,001  for  both  regression  models), 
b  Hie  full  model  contained  depression  diagnosis  and  poor  physical  health  as  additional  predictors  (Mexlel  significance;  p  <  ,001  for  both  regression  models), 

1  The  full  model  contained  age.  alcohol  abuse*  depression  and  PTSD  diagnosis  as  additional  predictors  (Model  significance:  p  <  ,001  for  both  regression  models ). 
d  The  full  model  contained  PTSD  diagnosis  as  additional  predictors  (Model  significance:  p  =  ,042  and  p  =-  009  respectively). 


performing  false  discovery  rate  (FDR)  control  with  a  rate  equal  to 
0.1,  Statistical  analyses  were  conducted  using  the  Statistical  Package 
for  Social  Sciences  Version  20  {SPSS  lnc.t  Chicago,  IL)  and  R,  version 
2.153.  All  tests  of  significance  were  2-tailed,  and  p  values  <  .05 
were  considered  significant. 

3.  Results 

If.  Prevalence  of  CT 

The  prevalence  of  any  self- reported  CT  type  experienced  was  463%, 
while  24.9%  of  participating  Marines  reported  multiple  CT  types  (cf. 
Table  I ).  Among  participants  who  reported  a  history  of  CT,  physical 
abuse  was  the  most  common  type,  followed  by  physical  and  emotional 
neglect,  while  emotional  and  sexual  abuse  were  less  prevalent,  8.0%  of 
participants  met  criteria  fordepression  and  4,4%  for  PTSD,  Different  CT 
types  have  shown  varying  association  with  risk  of  experiencing  mul¬ 
tiple  CT  types,  with  participants  reporting  history  of  emotional  abuse 
showing  the  highest  risk  (Sexual  Abuse:  OR:  28.6,  95%  Cl:  14,1-58,2; 
Physical  Neglect:  OR:  43,9, 95%  Cl:  30,2-63.8;  Emotional  Neglect:  OR: 
32,4,  95%  Cl:  22,2-47.3;  Emotional  Abuse:  OR:  110.3,  95%  Cl: 
50.7—240.1;  Physical  Abuse:  OR:  23.6, 95%  Cl;  16.8-33.2). 

32.  Correlations 

When  investigating  psychometric  measures  with  respect  to  the 
number  of  CT  types  reported,  a  dose-dependent  relation  was 
observed*  with  participants  who  reported  a  greater  number  of  CT 


3fl 


types  also  evidencing  higher  psychopathology  scores  (cjl  Fig.  I ).  Gur 
results  suggest  significant  correlations  between  nu  mber  of  CT  types 
experienced  and  higher  (log-transformed)  psychopathology  scores. 
Number  or  CT  types  was  weakly,  but  significantly  correlated  with 
the  PCS  of  5F-12  and  AUDIT  total  score  (r  -  .069.  p  -  .017;  r  -  .069* 

p  ^  ,039,  respectively)  and  highly  significant  with  BDl,  CAPS  and  the 
MCS  of  SF-12  (r  =  *173,  p  <  *001 ;  r  -  *243,  p  <  ,001  and  r  =  -.199, 
p  <  .001*  respectively). 

13*  GueraM  group  differences' 

We  investigated  omnibus  group  differences  with  respect  to  ihe 
number  of  CT  types  experienced.  Statistically  significant  differences 
were  found  with  respect  to  psychometric  measures  for  depression, 
FI'SD  and  the  SF-12  MCS,  where  individuals  with  history  of  any  CT 
reported  worse  scores  (data  not  shown),  These  differences  were 
more  pronounced  when  comparing  indi  viduals  with  no  CT  history 
and  multiple  CT  type  history  (cf.  Table  2)r  In  this  comparison,  the  SF- 
12  PCS  and  the  AUDIT  total  score  also  showed  statistically  signifi¬ 
cant  differences.  With  respect  to  tobacco  consumption  and  alcohol 
abuse  we  did  not  find  any  statistically  significant  differences  across 
groups. 

3.4.  Predictors  of  depression  and  PTSD  symptoms,  substance  abuse 
and  HRQaL 

We  performed  separate  logistic  regressions  to  investigate  uni¬ 
variate  associations  between  several  predicting  factors  and  our 
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Fig  1*  Median  psychometric  scores  classified  by  number  of  reported  childhood  trauma  typos.  BDl:  Beck  Depression  Inventory-!!;  CAPS:  Clinician  Administered  PTSD  Scale;  SF-12; 
12-Item  Short  Form  Health  Survey  y-axin:  psychometric  scores  of  the  respective  questionnaire:  x-axis:  Number  of  childhood  traumas  (CT)  reported.  Participants  reporting  4  or  5  CT 
Types  have  been  assessed  together  as  one  category  (4  c).  because  of  their  small  number 
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mam  outcomes  (PTSD,  depression*  poor  mental  and  physical 
HRQpU  tobacco  consumption  and  alcohol  abuse).  Statistically  sig¬ 
nificant  associations  are  presented  in  Table  3, 

We  then  performed  multivariate  logistic  regression  including  all 
statistically  significant  factors  in  order  to  assess  the  independent 
effect  of  CT  level  (single  CT  type,  multiple  CT  types)  and  number  of 
CT  types  on  the  same  main  outcomes  (c/*  Table  4).  Regression 
models  for  tobacco  consumption  and  alcohol  abuse  were  not 
computed  because  there  were  no  significant  associations  to  CT 
history  in  uni  variate  analyses.  After  controlling  for  significant 
confounds,  final  regression  models  indicated  a  dose-dependent 
relationship  between  number  of  CT  types  experienced  and  all 
outcome  conditions.  History  of  a  single  CT  type  showed  a  signifi¬ 
cant  independent  association  only  to  depression  symptoms  and 
poor  mental  H  RQoU  while  history  of  multiple  CT  types  had  stronger 
independent  associations  to  all  outcome  measures,  excluding 
depression  symptoms,  which  showed  similar  results  to  single  CT 

Finally  we  investigated  the  independent  association  of  different 
trauma  types  on  all  outcome  conditions  using  the  same  multivar- 
iate  models  as  above  to  control  for  confounds.  The  respective  in¬ 
dependent  associations  of  emotional,  physical  and  sexual  abuse,  as 
well  as  emotional  and  physical  neglect  to  all  outcome  conditions 
are  presented  tn  Table  5. 

4.  Discussion 

This  study  is  to  the  best  of  our  knowledge  the  first  to  investigate 
the  independent  association  between  CT  history  and  self-reported 
adult  depression  and  PTSD  symptoms*  substance  abuse  and  mental 
and  physical  HRQoL  in  such  a  large  and  homogenous  group  of 
young  men..  In  sum*  this  study  provides  evidence  for  a  dose- 
dependent  relationship  between  the  number  of  different  CT  types 
experienced  and  both  psychopathology  scores  and  incidence  of 
adult  depression  and  PTSD  symptoms,  and  poor  mental  and 
physical  HRQoL  There  was  a  significant  increase  in  Lhe  indepen¬ 
dent  risk  of  these  Four  outcomes  with  increasing  number  of  CP 
types  experienced*  with  relatively  weak  independent  association  of 
a  single  CT  type,  but  significant  effect  of  multiple  CT  types. 

The  assessed  study  cohort  featured  very  specific  characteristics 
in  terms  of  sex,  age  and  usual  demographic  characteristics*  In  an 
attempt  to  control  for  possible  bias*  we  included  only  rie vet- 
deployed  individuals  in  our  analyses,  since  prior  military  deploy¬ 
ment  has  been  associated  with  higher  prevalence  of  psychiatric 


Table  5 

Statistically  significant  independent  associations  between  type  of  childhood  trauma 
and  health -related  quality  oflife,  depression  and  FT5D  in  Adulthood. 


Predictor 

Depend,  variable 

OR  (95%  G) 

Emotional  abuse 

Depression 

226(1,31 -3  W 

Poor  mental  health 

1*83(1,25-2.691" 

Physical  abuse 

PTSD 

1.99  (1.10-3,60)* 

Poor  mental  healih 

1S2  (1.1 8-1,97)" 

Sexual  abuse 

Depression 

221  (U  0-4*46)* 

PTSD 

244(1,07-558)* 

Poor  mental  health 

234  (137-402)" 

Poor  physical  health 

1.73  {1,07-231  Y 

Emotional  neglect 

Depression 

1.71  (1,05-279)* 

mo 

258  (1,40-4*76)"* 

Poor  mental  health 

265(1*93-3*65)"* 

Physical  neglect 

TOD 

216  (1.18- 3.95)* 

Poor  mental  health 

139(1.49-2.66)"- 

Poor  physical  health 

135  (1,03—1*77)* 

Results  of  multivariate  regression  analyses  controlling  for  significant  confound  ers, 
Multivariate  models  were  all  statistically  significant  and  adjusted  as  m  fable  4. 
Results  arc  reported  as  odds  ratios  (OR)  with  the  95^  confidence  interval  (95^  Cl j. 
Significant  OR  arc  bolded:  <  .05,  "p  <  .01,  m"p  <  .001, 
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disorders,  substance,  alcohol  and  tobacco  consumption,  and  poorer 
physical  health  (Fiedler  et  al.,  20U6;  Smith  et  al,,  2008;  Armed 
Forces  Health  Surveillance  Center.  2011:  Bleter  et  al.  2011; 
Thomsen  el  al*  201 1 ),  thus  would  introduce  a  confound.  The 
assessed  population  had  higher  average  rates  of  pre-deployment 
PTSD  and  depression,  but  similar  prevalence  of  CT  history  as 
compared  to  prior  findings  in  military  cohorts  (Rosen  and  Martin, 
1996;  Wells  et  alT  2010),  although  some  studies  report  even 
higher  prevalence  for  physical  and  sexual  abuse  than  we  observed 
(Seifert  et  al*  20l  I }«  Hie  prevalence  rates  of  CTand  number  of  CT 
experienced  are  comparable  to  previous  reports  in  large  commu¬ 
nity  samples  (Edwards  et  al,  2003;  Dube  et  al,  2010),  Our  results 
could  therefore  possibly  represent  findings  generalizable  to  the 
general  population  of  males. 

The  major  finding  of  our  study  is  the  cumulative  adverse  effect 
of  different  CT  types  on  adult  PTSD  and  depression  symptoms,  as 
well  as  mental  and  physical  HRQoL  showing  a  dose-dependent 
relationship  with  increasing  number  of  CF  types  experienced. 
While  history  of  a  single  CT  type  had  at  most  a  weak  association 
with  these  adult  outcomes,  the  independent  association  of  several 
experienced  CT  types  showed  a  definitive  effect  on  adult  risk.  The 
severity  of  health  and  psychological  consequences  has  often  been 
suggested  to  be  associated  with  the  number  of  CT  types  experi¬ 
enced  (Walker etaL,  1999;  Edwards  et  al,  2003;  Huang  et  al.,  2012). 
Our  study  is*  thus,  in  accordance  to  other  recent  studies  providing 
evidence  that  an  increasing  number  of  different  CT  types  results  in 
higher  adult  risk  for  psychiatric  symptom  complexity  and  severity, 
psychiatric  comorbidities,  poor  mental  and  physical  HRQoL,  as  well 
as  several  physical  conditions  (e.g.  heart  disease,  asthma,  diabetes 
me llims,  arthritis,  chronic  spinal  pain*  chronic  headache)  (Pirkola 
et  al.,  2005;  Anda  et  al.,  2006;  Afifi  et  al,  2007;  Briere  et  al, 
200S;  Lang  ei  at.,  2008;  Su  liman  a  aLp  2009,  2010;  Scott  et  aL, 
2GH:  Seifert  et  al*.  2011;  Sugaya  et  al,  2012),  Here  we  should 
note  that  when  investigating  history  of  either  one  or  multiple  CT 
type  experiences  on  depression  as  a  categorical  variable  we  failed 
to  observe  a  dose-dependent  effect  between  single  and  multiple  CF 
type  on  depression  symptomology,  consistent  with  some  similar 
published  results  in  depression,  and  in  contrast  to  most  observa¬ 
tions  in  PTSD  (Hagenaars  et  aL  2011;  Huang  et  al,  2012).  Inter¬ 
estingly.  when  we  used  continuous  variables  (number  of  CT  types) 
on  depression  outcomes  or  investigated  RDM  I  total  scores*  we 
found  a  dose  dependent  depression  in  relationship  with  CT.  These 
discrepancies  may  be  an  artifact  of  different  statistical  approaches 
and  depression  cut-offs  used  in  our  paper*  and  across  the  literature. 

The  distinct  impact  of  early-life  stress  may  he  on  enhanced 
plasticity  mechanisms  during  this  period  (Dudley  et  al.  2011 )  that 
lead  lo  persistent  functional*  and  epigenetic  alterations  and  to 
higher  allostatic  load  over  rime  (Kaufman  et  al..  2000;  Nemenoff, 
2004),  Experience  of  CT  has  been  shown  to  lead  to  an  increased 
vulnerability  to  stress,  hypo  thalamic- pituitary -ad  renal  axis  dys- 
regulation*  long-lasting  alterations  in  emotional  and  psychophysi- 
ological  reactivity,  impaired  adaptive  functioning*  malfunction  of 
fear  response  circuits  and  distinctive  genomic  and  epigenetic  pro¬ 
files  (Heim  et  al.*  2008;  Gdiespie  et  al.  2009;  Ehlert,  2013:  Mehta 
er  a l*,  2013).  Epigenetic  modifications  mediate  the  interaction  be¬ 
tween  genetic  predisposition  and  environmental  factors  and  facil¬ 
itate  the  response  to  environmental  challenges  by  regulating 
functional  expression  of  genes  Qacmsch  and  Bird*  2003:  Bjornsson 
et  a l,  2004).  They,  thus*  play  a  central  role  in  the  long-term  bio¬ 
logical  trajectories  leading  to  stress-related  disease  and  may 
explain  inter-individual  variation  (Yehuda  and  Bierer,  2009; 
Klengel  eL  al*,  2014)*  Future  studies  should  utilize  larger  and 
collaborative  cohorts  to  implement  powerful  (epi)genomic  ap¬ 
proaches  towards  an  identification  of  early  trauma-specific  bio¬ 
logical  pathways  (Almli  et  al.,  2034)* 
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Our  siudy  showed  no  association  between  CT  and  alcohol  abuse 
or  tobacco  consumption,  as  reported  in  other  studies  (Trent  et  aL 
2007;  Seifert  et  aL,  2011)*  This  fact  might  partly  rely  on  the  male 
gender,  as  well  as  on  group-specific  and  peer-coherent  sample 
characteristics  of  our  military  participants,  potentially  leading  to 
more  intensive  consumption  patterns  than  in  the  general  popula¬ 
tion  (Ames  et  aL,  2007;  Benjamin  et  aL  2007;  Green  et  aL  2008; 
Jones  and  Fear*  201 1)T  Similarly*  neither  did  demographic  charac¬ 
teristics  such  as  age,  education,  and  marital  status  predict  any  study 
outcome.  The  apparently  conflicting  findings  of  significantly  higher 
AUDIT  scores  in  individuals  with  multiple  CT  types  {cf.  Table  2)  but 
non-significant  impact  of  CT  history  on  alcohol  abuse  {cf  Table  3) 
may  rely  on  the  used  cut-offs  for  defining  alcohol  abuse  ana  in  the 
statistically  significant,  but  only  weak  association  of  number  of  CT 
types  and  AUDIT  score. 

Furthermore*  our  study  assessed  the  association  between  CT 
experience  and  adult  physical  HRQnL  after  controlling  for  mental 
disorders  and  mental  health  status  as  recommended  in  prior 
literature  (Springer,  2009;  Mock  and  Aral,  2010).  The  association 
between  Cf  and  poor  physical  HRQoL  was  relatively  weak  in 
comparison  to  our  other  outcome  measures.  Taking  into  account 
the  suggested  large  gap  between  early  adverse  experiences  and 
distinctive  biophysiologica!  correlates  (Shonkoff  et  aL  2009),  this 
might  in  part  be  explained  by  the  young  age  and  physically  active 
status  of  our  cohort  Overall,  military  service  has  been  associated 
with  vigorous  regular  physical  exercise*  reductions  in  fat  tissue  and 
higher  intake  of  fruits  and  vegetables  than  in  the  general  popula¬ 
tion,  while  Marines  incorporate  even  higher  levels  of  physical  ac¬ 
tivity  in  their  daily  routine  than  general  military  population 
(Warber  et  aL,  1997;  Harrison  ei  aL  2000;  Headquarters  United 
States  Marine  Corps,  2002;  MikkaJa  et  at,.  2009)*  This,  thus,  might 
also  explain  our  observation  of  the  lack  of  correlation  between 
depression  and  poor  physical  FIKQoL  in  contrast  to  that  described 
elsewhere  (Harder  et  aL  2011 ;  Aversa  et  af,  2012). 

When  investigating  the  independent  association  of  different  CT 
types  on  our  outcome  parameters  separately*  it  is  worth 
mentioning  that  all  five  types  of  CT  were  signifkantassoriated  with 
poor  mental  HRQpL  That  means  that  independent  of  CT  type, 
experience  of  CT  led  to  an  increased  risk  of  reporting  poor  mental 
HRQoL  On  the  other  hand,  our  results  partly  contradict  prior 
studies  reporting  that  mainly  non-sexual  abuse  (e.g.  physical  arid 
emotional  abuse)  is  related  to  physical  HRQoL  (Alili  et  aL,  2007; 
tang  et  aL,  2008;  Kelly  et  at,  2011).  Sexual  abuse  in  our  study  is, 
actually,  the  only  CT  type  showing  significant  independent  asso¬ 
ciations  to  all  outcome  parameters,  although  it  did  not  show 
stronger  association  with  history  of  multiple  CT  types  nor  was  it 
more  prevalent  than  other  CT  types.  Sexual  abuse  has  been  often 
shown  to  be  more  closely  associated  with  a  broader  range  of  adult 
psychiatric  symptoms,  metabolic  risk  factors  and  even  epigenetic 
changes,  than  other  types  of  CT  (Briere  and  Elliott,  2003;  Cougle 
ei  al„  2010;  PeiToud  el  al„  201! ;  van  Reedt  Portland  et  aL,  2012). 

Although  our  study  has  major  strengths*  some  limitations  merit 
discussion.  Our  study  did  not  include  information  on  additional 
traumatic  life  events  (e.g.,  loss  of  parent  member,  natural  disasters, 
accidental  traumas,  etc  ),  parental  socioeconomic  and  educational 
status  or  current  medical  diagnoses.  Although  we  did  not  assess 
information  on  such  additional  life  events  in  our  study,  studies  [hat 
investigated  a  large  number  oF  different  childhood  stressors  (Chu 
ct  aL,  2013)  suggest  that  interpersonal  trauma,  as  assessed  in  our 
study,  is  of  particular  importance.  Not  controlling  for  the  age  of 
traumatization  is  another  important  limitation  of  our  study,  as 
there  is  evidence  of  its  moderating  role  on  adult  psychopathology 
{Maercker  et  aL  2004;  Cutajar  et  ah,  2010;  Schoedl  et  aL,  2010).  In 
addition,  we  cannot  discount  rbe  fact  that  responders  who  reported 
more  severe  Cf  also  experienced  disproportionately  higher 


cumulative  adversity  of  the  same  trauma  type,  as  shown  in  previ¬ 
ous  studies  (Schilling  et  aL,  2008).  The  retrospective,  self-report 
assessment  of  CT  also  limits  the  ability  to  infer  a  causal  relation¬ 
ship  or  the  developmental  mechanisms  between  CT  exposure  and 
the  subsequent  onset  of  adult  psychiatric  and  physical  conditions. 
Retrospective  assessment  of  symptoms  may  lead  to  distortion  of 
recollections  or  bras  due  to  current  symptoms  (South wide  et  aL 
1997)  and  subjective  assessment  of  traumatic  experiences  could 
introduce  bias  and  distortions  related  to  cognitive  barriers  (i.e.  fear 
of  stigma*  warrior  ethos*  criticism,  etc.)  and  adaptive  denial  coping 
mechanisms  (Hoge  et  a!.,  2004;  Nash*  2007).  Furthermore,  our 
study  assessed  an  active  duty,  mostly  non- treatment  seeking  mil¬ 
itary  cohort,  with  a  relatively  small  degree  of  variance  in  self- 
reported  levels  of  depressive  and  PTSD  symptoms,  introducing  an 
inherent  limitation  in  analysis  and  interpretation  of  resuhs.  Finally, 
a  confounding  factor  possibly  leading  ro  weaker  associations  could 
be  the  strictly  male  gender  cohort,  as  many  studies  have  shown 
stronger  CT  effects  in  women  (Thompson  et  aL*  2004).  This  fact,  in 
addition  to  the  overall  young  age  and  physically  active  status  of  our 
investigated  population,  suggests  that  our  results  could  possibly  be 
yet  more  robust  in  an  older,  mixed-gender  participant  group  of 
normal  physical  activity  status. 

Nevertheless,  despite  its  retrospective  nature*  our  study  is 
consistent  with  current  literature  on  the  role  of  early  stress  in 
diverse  chronic  mental  and  physical  conditions.  Taken  together,  our 
results  support  voluminous  prior  literature  indicating  an  inde¬ 
pendent  association  between  childhood  trauma  and  subsequent 
adult  depression*  PTSD,  as  well  as  poor  mental  and  physical  HRQoL 
(Kessler  and  Magee*  1993;  Young  et  aL,  1997;  Walker  et  aL*  1999; 
Widom*  1999;  Heim  and  Nemeroff,  2001;  Spertus  el  aL,  2003; 
Chapman  et  aL.  2004;  Maercker  et  aL,  2004;  Nemeroff,  2004. 
Elstad,  2005;  Anda  et  aL*  2006;  Koenen  et  aL,  2007;  Schilling 
et  at.,  2007,  Di  aper  et  aL,  2008;  Zlotnick  et  aL,  2008;  Scon  et  aL, 
20M:  Nanni  et  aL.  2012;  Chu  et  aL*  2013)  and  converge  with 
neurobiotogical  evidence  of  the  effect  of  childhood  stress  on  the 
body  and  brain  (Glaser,  2000;  Nemeroff,  2004}. 

5.  Conclusions 

The  long-term  effects  of  CT  may  be  conceptualized  as  a  common 
developmental  risk  factor  triggering  a  health-related  risk  cascade 
with  high  public  health  impact.  Our  results  support  the  theory  that 
CT  may  increase  the  risk  of  mental  and  physical  health  status  even  in 
early  adulthood*  Specifically*  our  study  corroborates  evidence  that 
CT  history  is  significantly  associated  with  adult  PTSD  and  severe 
depression  symptoms,  as  well  as  mental  and  physical  HRQoL  in  a 
graded  fashion  as  the  number  of  CT  types  experienced  increases. 
Recognizing  the  overlap  of  different  types  of  childhood  adversities  is 
important  for  understanding  its  cumulative  effect  on  later-life 
adjustment  (Edwards  et  aL.  2003).  Future  studies  should  focus  on 
prospective  investigation  of  potential  predictors  and  mediators, 
their  temporal  sequence  and  combined  effects  at  epidemiological* 
biological  and  epigenetic  levels,  while  taking  into  account  the 
potentially  delayed  rime  frame  for  the  expression  of  their  effects. 
Screening  strategies  for  Cf  need  therefore  to  be  improved.  Infor¬ 
mation  about  CT  history  and  number  of  experienced  CT  would 
additionally  help  identify  an  individual's  risk  level  for  disease 
development  and/or  help  predict  response  to  treatment  (Wiersma 
ct  aL.  2009),  as  we  better  understand  the  relationship  between 
gene  and  environmental  exposures  that  impacts  resilience. 
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Summary  Neuropeptide  Y  (NPY)  is  abundant  in  mammals,  where  it  contributes  to  diverse 
behavioral  and  physiological  functions,  centrally  and  peripherally,  but  little  information  is 
available  in  regard  to  NPY  cerebrospinal  fluid  (CSF) /plasma  concentration  relationships  and 
dynamics.  Since  plasma  NPY  levels  are  commonly  used  as  proxy  *'  biomarkers"  for  central  NPY 
activity  in  stress  and  mental  health  research  in  humans  this  study  aims  to  better  characterize  the 
CSF/plasma  NPY  relationships.  Subjects  were  eleven  healthy  male  volunteers,  admitted  to  the 
clinical  research  center  for  placement  of  an  indwelling  CSF  catheter*  as  well  as  venous  catheter,  for 
24'h  collection  of  CSF  NPY  (cNPY)  and  plasma  NPY  (pNPY)  samples*  As  observed  in  prior  studies, 
group  mean  (SE)  cNPY  concentrations  [792.1  (7.80)  pg/mL]  were  higher  than  pNPY  concentrations 
[220.0  (3.63)  pg/mL],  For  the  eleven  normal  volunteers  who  had  sufficient  common  (hourly)  pNPY 
and  cNPY  data  points,  analysis  of  pNPY/cNPY  concentration  ratios  and  lagged  cross-correLation 
analysis  was  completed.  Average  pNPY/cNPY  concentration  ratios  ranged  from  *20  to  *40  across 
study  subjects*  with  a  mean  of  .29.  pNPY/cNPY  cross  correlation  analyses*  computed  at  varying  time 
lags*  were  non- significant*  An  attempt  was  made  to  analyze  the  circadian  rhythmicity  of  NPY 
secretion,  but  circadian  components  were  not  detectable*  Using  24-h  data  collection,  we  charac¬ 
terized  CSF/plasma  NPY  relationships,  including  presentation  of  evidence  of  weak  CSF  and  plasma 
correlations*  an  important  consideration  for  study  design  of  NPY  in  stress  or  mental  health. 
Published  by  Elsevier  Ltd, 


*  Corresponding  author  at:  Department  of  Psychiatry,  University  of  California  San  Diego,  9500  Gilman  Drive  (0603V),  La  Jolla,  CA  92093  0603V, 
United  States.  TeL:  +1  858  552  8484x2230. 

E-mail  address:  dgbaker@ucsd.edu  (D.G.  Baker}. 

0306-4530/$  -  see  front  matter*  Published  by  Elsevier  Ltd. 
http:  /  /  dx*doi  .org/ 1 0, 1 01 6/  j ,  psyneuen*20l  3, 04.020 


24- h  cerebrospinal  fluid  and  plasma  NFY  levels  in  normal  volunteers 


2379 


1,  Introduction 

Neuropeptide  Y  (NPY)  acts  centrally  and  peripherally  to 
regulate  diverse,  endocrine,  metabolic,  cardiovascular, 
and  immune  functions,  binding  to  cloned  NPY  receptor 
subtypes  (Y1  ,  Y2,  Y4,  Y5),  members  of  the  A1  subgroup  of 
rhodopsin-like  G  protein-coupled  receptors  (Hirsch  and 
Zukowska,  2012;  Michelet  aL,  1998),  In  the  central  nervous 
system  (CNS)f  NPY  is  the  most  abundant  neuropeptide,  and  is 
expressed  across  multiple  neuronal  systems  from  the  brain¬ 
stem  to  the  cerebral  cortex,  including  regions  that  regulate 
anxiety  and  fear  responses  (Michel  et  at.,  1998).  Moreover, 
prectinical  pharmacological  and  transgenic  studies  have 
established  that  NPY  promotes  anxiolytic  behavioral  effects, 
reduces  stress  responses,  fosters  recovery  from  stress,  and 
regulates  fear  extinction  by  activating  Y 1  receptors  in  a  myg  - 
dala  (see  Bowers  et  aL  ,2012,  and  Sah  and  Geracioti ,  201 2  for 
review).  Human  research  has  provided  strong  support  for  the 
importance  of  NPY  in  regulating  emotional  responses  to 
stress  and  trauma  as  well  (Bowers  et  aL,  2012).  Taken 
together,  these  findings  indicate  that  NPY  may  be  a  critical 
regulator  of  fear  and  anxiety  of  relevance  to  stress  asso¬ 
ciated  pathophysiology. 

Notwithstanding  an  interest  in  NPY  as  a  moderator  of 
stress,  and  an  accumulating  literature  showing  lower  con- 
centrations  of  NPY  in  plasma  or  CSF  in  association  with 
chronic  stress,  anxiety,  and  depression,  studies  of  plasma 
NPY  (pNPY)  and  CSF  NPY  (cNPY)  concentration  relationships 
are  few,  despite  common  use  of  pNPY  as  a  proxy  for  central 
NPY  activity  (see  Sah  and  Geracioti,  2012  for  review),  Evi¬ 
dence  so  far  indicates  that  pNPY  levels  in  humans  correlate 
poorly  with  those  in  the  CNS  (Dotsch  et  aL,  1997:  Grouzmann 
et  aL,  2000;  Nam  et  aL,  2001). 

Objectives:  The  objective  of  this  study  is  to  better  char¬ 
acterize  pNPY/cNPY  concentration  relationships  and  bio- 
rhythmicity  by  concurrent  measurement  of  pNPY  and  cNPY 
levels  in  healthy  males  over  a  24*h  timeframe. 

2*  Methods 

2.1,  Participants 

Twelve  healthy  male  civilian  study  volunteers  participated  in  a 
serial  CSF  and  plasma  sampling  study  approved  by  the  Institu¬ 
tional  Review  Board  (IRB)  of  the  University  of  California,  San 
Diego  (UCSD)  Medical  Center  and  the  Research  Committee  of 
the  San  Diego  Veterans  Affairs  Medical  Center.  One  of  the 
volunteers  had  only  a  single  CSF  sample  so  was  excluded  from 
analysis.  The  1 1  remaining  pa rtid pants  were  mentally  healthy, 
having  met  study  exclusion  criteria,  which  prohibited  presence 
or  history  of  any  DSM-JVAxis  I  mental  health  disorder  or  abuse/ 
dependency  of  alcohol,  tobacco  or  other  illicit  substances. 
Likewise,  based  on  a  thorough  physical  examination  the  volun¬ 
teers,  including  blood  laboratory  tests,  chest  X-ray  and  elec¬ 
trocardiogram,  all  were  confirmed  to  be  physically  healthy.  No 
subject  had  weight  diverging  from  the  norm  (18  <  BM!  <  30), 
or  had  a  positive  urine  toxicology  screen.  None  were  using 
any  prescribed  medications,  nor  had  used  either  prescribed 
or  over  the  counter  medications  for  at  least  five  half-lives 
prior  to  admission  to  the  clinical  research  center  (CRC).  A 
brief  physical  examination  the  afternoon  of  CRC  admission 


also  provided  assurance  that  no  subject  had  acute  medical 
symptoms. 

2.2.  Procedures 

Study  volunteers  were  recruited  by  verbal,  electronic  or 
printed  advertisement.  Eligible  volunteers  were  invited  to 
the  laboratory  for  an  introduction  to  the  study.  Following 
signing  of  informed  consent,  the  mental  and  physical  health 
examination  procedures  described  above  were  administered. 
Participants  who  met  study  criteria  were  scheduled  for 
admission  to  the  CRC  at  approximately  5  p.m,  the  day  prior 
to  CSF  catheter  insertion.  From  the  time  of  admission  until 
CSF  catheter  removal,  participants  remained  on  a  controlled 
low  monoamine  diet  receiving  only  standard  meals  (each  686 
calories;  20%  protein,  24%  fat  and  56%  carbohydrates)  at  7 
a.m.,  12  p.m.  and  6  p.m.,  in  addition  to  an  evening  snack  of 
300  calories  at  9  p.m.  At  8  p.m,  the  evening  of  CRC  admission, 
an  indwelling  in tra -venous  (IV)  catheter  was  placed  for  blood 
draw,  A  standard  meal  was  provided,  and  lights  were  turned 
off  at  10  p.m.  Participants  fasted  overnight*  until  approxi¬ 
mately  8  a.m.,  when  a  20-gauge  catheter  was  placed  in  the 
lumbar  subarachnoid  space  at  the  L4/5  level,  and  a  second  IV 
line  was  placed  in  the  antecubital  vein  of  the  non-dominant 
arm  for  delivery  of  normal  saline  solution,  infused  (100  mL/h) 
throughout  the  experiment.  At  11:00  a.m.,  approximately 
3  h  after  CSF  catheter  placement,  the  indwelling  catheter 
was  attached  to  an  infusion  pump  for  continuous  CSF  with¬ 
drawal  at  a  constant  rate  of  approximately  2  mL/h  (48  mL/ 
24  h)  into  test  tubes  resting  in  Ice  for  24- h.  The  test  tubes 
were  processed  each  half-hour  for  storage  at  -  80  C  until 
immediately  before  assay.  Blood  was  withdrawn  into  EDTA 
coated  tubes  at  the  same  intervals  and  immediately  pro¬ 
cessed  in  a  refrigerated  centrifuge  prior  to  storage.  Vital 
signs  were  monitored  hourly  during  the  CSF  and  plasma 
sampling,  while  each  subject  was  awake.  Subjects  were 
encouraged  to  maintain  a  regular  sleep  time  at  around  10 
p.m.  during  each  night  of  study  participation,  white  relative 
silence  (no  radio,  electronic  media,  or  disturbing  conversa¬ 
tion)  was  maintained  in  the  study  room. 

2.3.  Measures 

2.3.1.  Mental  health  assessments 
Documentation  of  mental  status  was  completed  by  a  trained 
clinician  supervised  by  Dr.  Baker,  Information  obtained 
included  bask  demographic  information,  family  history  psy¬ 
chiatric  and  physical  illness,  and  via  unstructured  and  struc¬ 
tured  clinical  interviews,  history  and  presence  of  psychiatric 
diagnoses  or  co- morbidities.  Structured  interviews  included 
the  Structured  Clinician  Interview  for  the  DSM-IV-TR  Axis  I 
Disorders  (SCID-I)  and  Hamilton- Depression  Scale  (HDRS) 
(Hamilton,  1960). 

2*3.2*  Neuropeptide  Y  assays 

CSF  and  plasma  were  stored  at  -  80  C  until  assay  of  available 
(hourly)  samples.  Of  the  11  volunteers,  10  had  (hourly) 
samples  sufficient  for  analysis  of  circadian  variation  and  8 
had  a  sufficient  number  of  common  pNPY  and  cNPY  data 
points  for  analysis  of  pNPY/cNPY  correlations.  Concentration 
ratios  were  calculated  from  the  7  subjects  with  at  least  12 
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common  data  points.  A  direct  radioimmunoassay  kit  (Euro- 
Diagnostfca-ALPCO  Diagnostics,  Salem*  NH),  was  used  for 
assay  of  both  cNPY-  and  pNPYhike  immuno  reactivity.  The 
highly  specific  and  sensitive  antibody  has  <A%  cross- reac¬ 
tivity  with  NPY-22-36,  peptide  YY,  pancreatic  polypeptide, 
and  other  neuropeptides.  Assay  sensitivity  was  determined  to 
be  —12.81  pg/mL  The  intra-assay  coefficient  of  variation 
(CV)  was  4.7  ±  ,3%  and  the  inter-assay  CV  was  8.4  ±  .8%. 

2.3*3.  Statistics 

Statistical  analyses  were  conducted  using  R,  version  2*14.2. 
An  error  probability  of  p  <  .05  was  accepted  as  statistically 
significant.  Individual  NPY  time  series  were  displayed  in 
x-y  plots  and  inspected  for  patterns  and  outliers.  Group 
means  and  CSF/ plasma  ratios  were  computed.  Time 
ordered  relationships  between  cNPY  and  pNPY  were  ana¬ 
lyzed  for  cross- correlation ,  computed  at  various  time  lags 
covering  the  24 -h  period,  by  leading  or  lagging  the  con¬ 
centration-time  series  of  cNPY  relative  to  pNPY.  A  statis¬ 
tically  significant  cross  correlation  was  declared  if  a  t  test 
was  significant  at  p  <  *05.  An  attempt  was  made  to  analyze 
the  circadian  rhythmicity  of  NPY  secretion  by  utilizing  a 
linear  mixed-effects  model  to  produce  a  harmonic  analysis 


(Klemfuss  and  Qopton,  1993)  wherein  the  joint  effects 
cosine  curves  representing  24  h  and  12  h  periods  were  fit 
to  the  NPY  data. 

3,  Results 

The  mean  (SE)  age  of  the  eleven  healthy  volunteers  was  30 
(1.97)  years;  age  range  21-42  years.  Mean  body  mass  index 
(BMl)  was  23.9  (1.60);  range  16.5—31.0.  Hemodynamic  mea¬ 
surements  were  collected  on  each  subject  during  waking 
hours  (average  14  observations  per  subject*  range  11-16 
observations)*  Mean  (SE)  pulse  rate  was  66.6  (1  *10|  beats  per 
minute  and  mean  (SE)  systolic  and  diastolic  means  (SE)  were 
125*7  (1.56),  and  63.9  (1*05),  respectively.  Mean  arterial 
pressure  (MAP)  was  84*5  (1*15). 

3,1,  Mean  CSF  and  plasma  NPY  concentrations 

Group  mean  (SE)  cNPY  was  792*1  (7.80)  pg/mL,  Nine  of  11 
subjects  had  sufficient  plasma  for  calculation  of  group  mean 
(SE)  pNPY,  which  was  220,0  (3.63)  pg/mL,  There  were  no 
significant  correlations  between  either  mean  cNPY  or  pNPY 
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Figure  i  This  figure  represents  pNPY/cNPY  concentration  ratios  for  the  seven  individual  study  volunteers*  The  circles  represent  the 
pNPY /cNPY  ratio  at  each  hour  of  a  24-h  data  collection  timeframe,  where  both  pNPY  and  cNPY  are  available  for  calculation  of  pNPY/ 
cNPY  ratio. 
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and  any  personal  or  physiological  trait,  e.g*  age,  BMI,  or  any 
hemodynamic  measure. 

3*2.  Plasma/CSF  NPY  ratios 

Individual  average  pNPY /cNPY  concentration  ratios  ranged 
from  *20  to  .40  across  all  of  the  subjects  (Pig.  t ).  The  mean 
(SE)  pNPY/cMPY  ratio  for  these  subjects  was  .29  (.007). 
Ratios  were  relatively  specific  for  each  of  the  individuals 
and  constant  across  the  24-h  timeframe.  No  significant 
correlation  between  mean  pNPY /cNPY  concentration  ratio 
and  any  personal  or  physiological  parameter  was  observed. 

3,3*  CSF/Plasma  NPY  correlations 

Lagged  cross-correlation  analyses  showed  no  statistically 
significant  cross -correlations  between  cNPY  and  pNPY 
(Pig.  2>, 

3.4*  CSF/Plasma  NPY  variation  across  the  24-h 
timeframe 

The  mean  cNPY  increase  over  the  24-h  data  collection  time- 
frame  was  4*60  pg/h*  In  contrast,  no  positive  or  negative 
linear  trend  was  observed  for  pNPY*  After  accounting  for  the 
detectable  linear  trend  observable  for  cNPY,  circadian  rhyth- 
mitity  of  cNPY  and  pNPY  secretion  were  analyzed;  neither 
cNPY  nor  pNPY  circadian  components  were  statistically  sig¬ 
nificant  thus  we  were  unable  to  replicate  prior  findings 
suggestive  of  a  pNPY  octohoran  rhythmidty  (Lockinger 
et  al*.  2004)* 

4.  Discussion 

Based  on  the  individual  NPY  concentration  time-series  of  our 
study,  group  mean  CSF  NPY  values  were  higher  than  NPY 


Time  ijfl 

Figure  2  Cross- correlation  analysis  of  cNPY  and  pNPY  concern 
(rations  in  eight  normal  male  study  participants.  The  solid  line 
represents  the  mean  of  the  individual  values  of  correlation 
coefficients  /?*  for  each  subject  at  lag  time  x*  The  shaded  area 
corresponds  to  the  critical  values  for  statistical  significance  at 
the  *05  level  using  a  t-test  for  the  cross  correlations  at  each  lag* 
At  any  lag  time,  a  significant  correlation  would  be  represented  by 
falling  of  the  solid  tine  outside  the  shaded  area. 


values  observed  in  plasma,  comparable  to  concentrations 
previously  reported  (Dotsch  et  aU  1997;  Grouzmann  et  a!.t 
2000;  Nam  et  al*,  2001 ).  The  primary  source  of  plasma  NPY  is 
from  postganglionic  nerve  fibers,  although  NPY  can  be  found 
in  the  adrenal  medulla  and  platelets  as  well  (Hirsch  and 
Zukowska,  2012;  Takiyyuddin  et  al.f  1994),  in  the  brain, 
NPY  is  highly  expressed  within  the  hypothalamic  nuclei  (para¬ 
ventricular,  arcuate),  amygdala,  hippocampus,  septum,  and 
neocortex,  but  the  primary  source  of  CSF  NPY  has  not  been 
dearly  delineated  {Michel  et  aL,  1998). 

Interestingly,  the  heritability  of  NPY  levels  in  plasma  and 
CSF  is  similar,  and  relatively  high*  Genetic  factors  account  for 
about  66%  of  NPY  concentration  variance  in  CSF,  in  contrast  to 
the  much  lower  heritability  of  some  other  CSF  peptides,  such 
as  corticotropin -releasing  hormone  (CRH)  (Berrettini  et  al., 
1988).  Similar  genetic  heritability  is  observed  for  NPY  levels 
in  plasma  (Zhang  et  al.,  2012).  Genetic  variation  in  human 
NPY  haplotypes  predicts  brain  NPY  expression,  plasma  NPY 
concentrations,  and  amygdalar  activation  in  response  to 
threat -related  facial  expressions  (Zhou  et  aL,  2008). 

Given  production  of  NPY  both  in  the  CNS  and  periphery, 
pNPY/cNPY  concentration  ratios  are  dependent  upon  a  num¬ 
ber  of  factors:  rates  of  production,  degradation  in  both 
compartments,  as  well  any  potential  transport  across  the 
blood  brain  barrier  (BBB),  While  a  rodent  study  suggests  that 
NPY  may  pass  from  the  periphery  to  the  brain  via  non¬ 
saturable  transport  this  situation  has  not  been  studied  in 
humans  (Kastin  and  Akerstrom,  1999)*  Our  data  could  suggest 
that  underlying  factors  regulating  each  individual's  pNPY/ 
cNPY  ratios  are  relatively  constant  over  a  day-long  timeframe 
and  that  NPY  concentration  ratios  vary  over  a  relatively 
narrow  range  (.20  to  ,40),  at  least  across  the  individuals 
tested. 

Interestingly,  we  observed  a  positive  linear  trend  in  NPY 
concentration  from  the  beginning  to  the  end  of  the  24-h  data 
collection  timeframe*  A  potential  explanation  would  be 
progressively  enhanced  secretion  in  response  to  the  stress 
of  the  procedure.  This  possibility  would  be  consistent  with 
predinicat  research  showing  that  NPY  expression  in  the 
amgydala  increases  following  stress,  and  that  NPY  expression 
is  abnormally  low  in  the  amygdala  and  hippocampus  in  an 
animal  model  of  PTSD  (Cohen  et  al. ,  201 2)*  It  has  not  yet  been 
tested  as  to  whether  the  positive  linear  trend  in  a  time-series 
NPY  study  co-varies  by  genotype  or  by  diagnosis. 

We  detected  no  statistically  significant  NPY  circadian 
rhythmidty,  either  in  CSF  or  plasma,  thus  were  unable  to 
replicate  prior  findings  suggestive  of  pNPY  octohoran  rhyth¬ 
midty  (Lockinger  et  al* ,  2004)*  However,  this  may  have  been 
a  result  of  study  limitations  such  as  the  small  number  of 
subjects,  or  study- related  modifications  of  participant  meal 
and  bedtime  schedules  that  interfered  with  NPY  circadian 
rhythmidty. 

Despite  relatively  constant  plasma  to  CSF  NPY  ratios 
within  subjects,  levels  of  NPY  from  CSF  and  plasma  collected 
concurrently  show  no  cross -correlation  across  compartments 
at  any  time  lag*  Thus  use  of  NPY  assays  in  studies  of  humans 
should  be  undertaken  with  caution;  plasma  NPY  levels  are 
unlikely  to  be  accurate  proxy  markers  of  CNS  NPY  activity  at 
any  moment  in  time. 

Lastly,  given  that  NPY  modulates  cardiovascular  adapta¬ 
tion  to  stress  with  opposite  effects  in  the  CNS  and  periphery, 
we  were  interested  in  NPY  concentration  relationships  and 
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hemodynamic  measures,  but  observed  no  significant  rela¬ 
tionships  between  any  hemodynamic  measure  and  NPY  levels 
or  ratios  in  this  small  sample  set  (Hirsch  and  Zukowska,  2012; 
San  and  Geradoti*  2012). 

In  conclusion,  there  is  strong  interest  in  NPY  as  a  mod¬ 
erator  of  resilience  to  emotional  stress,  thus  increased 
research  involving  measurement  of  NPY  levels  in  humans 
with  mental  disorders.  Our  24-h  study  in  normal  volunteers 
indicates  the  need  for  caution  in  using  pNPY  to  predict  cNPY 
or  brain  NPY  concentrations. 
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Abstract 

The  aim  of  this  study  was  to  determine  optimally  efficient  cutoff  scores  on  the  Posttraumatic  Stress  Disorder  Checklist 
(PCL)  for  identifying  full  posttraumatic  stress  disorder  (PTSD)  and  partial  PTSD  (P-PTSD)  in  active-duty  Marines  and 
Sailors.  Participants  were  1,016  Marines  and  Sailors  who  were  administered  the  PCL  and  Clinician-Administered  PTSD 
Scale  (CAPS)  3  months  after  returning  from  Operations  Iraqi  and  Enduring  Freedom.  PCL  cutoffs  were  tested  against  three 
CAPS-based  classifications:  full  PTSD,  stringent  P-PTSD,  and  lenient  P-PTSD.  A  PCL  score  of  39  was  found  to  be  optimally 
efficient  for  identifying  full  PTSD.  Scores  of  38  and  33  were  found  to  be  optimally  efficient  for  identifying  stringent  and 
lenient  P-PTSD,  respectively.  Findings  suggest  that  the  PCL  cutoff  that  is  optimally  efficient  for  detecting  PTSD  in  active- 
duty  Marines  and  Sailors  is  substantially  tower  than  the  score  of  50  commonly  used  by  researchers.  In  addition,  findings 
provide  scores  useful  for  identifying  P-PTSD  in  returning  service  members. 


Keywords 

PCL.  CAPS,  PTSD,  military.  Marines,  Sailors,  subthreshold 


One  of  the  mast  commonly  used  instruments  for  assessing 
posttraumatic  stress  disorder  (PTSD)  in  the  military  is  the 
PTSD  Checklist  (PCL:  Weathers,  Litz,  Herman,  Huska,  & 
Keane,  1993),  a  17-item  self-report  questionnaire  that  has 
been  shown  to  have  excellent  psychometric  properties  (sec 
Wilkins,  Lang,  &  Norman,  201  L  for  a  recent  review). 
However,  with  the  exception  of  one  study,  the  diagnostic 
utility  of  the  PCL  has  not  been  evaluated  in  an  active-duty 
military  context.  Consequently,  most  research  investigating 
the  prevalence  of  PTSD  in  the  military  has  relied  on  diag¬ 
nostic  cutoff  scores  derived  from  studies  of  civilians  or  vet¬ 
erans  with  chronic  PTSD  (e.g^  Hoge  et  al^  2004;  Kim, 
Thomas,  Wtlk,  Castro,  &  Hoge,  2010;  Schneider  man. 
Braver,  &  Kang,  2008;  Thomas  et  aL,  2010).  il  is  unclear 
whether  these  cutoffs  generalize  to  active-duty  personnel, 
particularly  given  the  reluctance  sendee  members  often 
have  about  reporting  mental  health  problems  (Hoge  ct  al., 
2004;  Kim  ct  al.,  20 1 0), 

Recently,  a  new  iteration  of  the  PCL,  the  PCL- 5,  was 
developed  to  coincide  with  the  publication  of  the  Diagnostic 
and  Statistical  Manual  of  Mental  Disorders*  fifth  edition 
(AW-J;  American  Psychiatric  Association,  2013), 
Although  the  revised  measure  wall  ultimately  replace  the 


PCL  for  DSM-1V  (American  Psychiatric  Association,  1994), 
research  on  Ihe  original  remains  important,  as  these  efforts 
guide  retrospective  analysis  of  archival  data,  including  data 
collected  from  service  members  who  deployed  throughout 
Operations  Iraqi  Freedom,  Enduring  Freedom,  and  New 
Dawn  (OlF/OEF/OND),  Moreover,  until  further  research  is 
conducted  on  the  PCL-5,  Ihcrapists  may  find  the  PCL  for 
DSM-IV a  more  informative  clinical  instrument. 

Bliese  et  aL  (2008 )  attempted  to  redress  the  problem  of  the 
military's  reliance  on  diagnostic  cutoffs  derived  from  civilian 
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and  veteran  samples.  They  collected  PCL  data  from  active- 
duty  soldiers  3  months  after  participants  returned  from  serv¬ 
ing  in  OIF  and  OEF  and  validated  them  against  the  structured 
clinical  PTSD  assessment  module  of  the  Mini  International 
Neuropsychiatric  Interview  (MINI:  Sheehan  et  uL,  1998). 
Their  diagnostic  utility  analyses  showed  that  cutoff  values 
between  30  end  34  were  the  most  efficient  for  detecting 
M INI-based  PTSD  cases,  an  important  finding  given  ihc  sub¬ 
stantially  higher  cutoff  of  50  found  to  be  optimally  efficient 
in  previous  studies  with  Vietnam  War  veterans  (Forbes, 
Creamer,  &  Biddle,  2091 :  Weathers  et  a!  ,  1993), 

However,  two  methodological  aspects  of  Bliesc  et  ahTs 
(2008)  study  may  limit  the  general  izabi  I  ity  of  their  findings. 
First,  the  use  of  the  MINI  as  the  diagnostic  criterion  is  a 
potential  limitation  because  it  is  not  widely  employed  as  a 
measure  of  PTSD  and  has  not  been  validated  against  the 
Clinician-Administered  PTSD  Seale  (CAPS:  Blake  et  aL, 
1995),  which  has  excellent  psychometric  properties  and  is 
considered  the  gold  standard  for  PTSD  assessment  (Keane, 
Street,  &  Stafford,  2004;  Weathers,  Keane,  Sl  Davidson, 
2001;  Weiss,  2094).  Second,  Blicsc  et  al.  validated  the  PCL 
in  a  sample  of  soldiers  who  screened  positive  for  possible 
beha  v  i  ora  I  heal  th  prob  1  ems  d  uri  ng  a  IT  rs  t- st  age  ass  es  s  n  ten  t . 
Nearly  half  (49.5%)  of  potential  participants  screened  nega¬ 
tive  and  as  a  result  were  not  administered  the  MINI  or 
included  in  utility  analyses.  Thus,  it  is  unclear  whether  the 
cutoff  scores  identified  are  useful  for  identifying  eases  of 
PTSD  in  unrestricted  samples  of  active-duty  personnel 
(e.g.,  in  screening  contexts  or  epidemiological  studies). 

In  this  study,  wre  sought  to  expand  on  the  findings  reported 
by  Bliesc  et  al*  (2008)  and  fill  gaps  in  the  associated  litera¬ 
ture.  To  do  so,  we  evaluated  the  diagnostic  utility  of  the  PCL 
in  a  large  cohort  of  active-duty  Marines  and  Sailors  who 
were  deployed  to  OIF/OEF,  Using  the  CAPS  for  DSM-IV as 
the  criterion,  our  aim  was  to  determine  optimally  efficient 
cutolf  scores  for  diagnosing  PTSD,  We  chose  to  focus  pri¬ 
marily  on  diagnostic  efficiency,  as  it  is  a  measure  of  test  per¬ 
formance  that  represents  a  balance  between  high  sensitivity 
(which  minimizes  the  likelihood  of  false  negatives)  and  high 
specificity  (which  minimizes  the  likelihood  of  false  posi¬ 
tives)  and  can  be  interpreted  as  the  extent  to  which  test 
results  are  accurate  overall.  Whereas  a  highly  sensitive  test 
ts  most  appropriate  for  screening  purposes  ( 1 00%  sensitiv  ity 
ensures  that  all  positive  cases  are  identified),  and  a  highly 
specific  lest  is  most  appropriate  for  diagnostic  confirmation 
( 1 00%  specificity  ensures  dial  a  positive  test  is  never  wrong), 
a  highly  efficient  lest  maximizes  the  overall  accuracy  and  is 
thus  optimal  for  differential  diagnosis.  Given  service  mem¬ 
bers'  concerns  about  reporting  mental  health  problems,  as 
well  as  the  relatively  low  cutoffs  found  bv  Bliesc  et  al 
(2008),  we  hypothesized  that  the  optimally  efficient  cutoffs 
identified  in  our  study  would  fall  below'  50. 

In  addition  to  determining  PCL  cutoffs  for  full  PTSD, 
we  also  were  interested  in  determining  cutoffs  for  partial 


PTSD  (P-PTSD),  Also  referred  to  as  subthreshold  or  sub- 
syndremal  PTSD  (Mvlle  &  Maes,  2004;  Zlotnick, 
Franklin,  Sl  Zimmerman.  2002),  P-PTSD  is  associated 
with  increased  risk  for  delayed  PTSD  and  comorbid  disor¬ 
ders  (Marshall  ct  af,  2001;  Piclrzak,  Goldstein,  Mai  ley, 
Johnson*  &  Southwick,  2009),  as  well  as  higher  levels  of 
functional  impairment,  including  occupational,  relation¬ 
ship,  and  health  problems  (Breslau,  Lucia,  Sl  Davis,  2004; 
Mylle  &  Macs,  2004;  Pietrzak  et  ah,  2009;  Zlotnick  et  ah, 
2002).  Furthermore,  reluming  veterans  with  P-PTSD 
report  similar  rates  of  suicidal  ideation*  hopelessness*  and 
aggressive  acts  as  those  w  ith  full  PTSD  (Jakupeak  et  aL 
2007).  Given  the  functional  impairments  associated  with 
P-PTSD,  the  military  considers  it  a  stress  injury,  a  psycho¬ 
logical  stale  falling  between  normal  levels  of  stress  reac¬ 
tions  and  stress-related  illnesses  such  as  PTSD  (c,g„  the 
Navy-Marine  Corps  Stress  Continuum  Model;  Nash* 
2011),  It  is  assumed  that  if  stress  injuries  are  not  ade¬ 
quately  addressed,  performance  and  mission-readiness  arc 
compromised.  Because  satisfactory  recovery  requires  a 
combination  of  institutional  support,  social  support,  and 
formal  intervention,  it  is  critical  that  P-PTSD  be  accu¬ 
rately  identified  among  sendee  members  (LitzT  Stecnkamp. 
&  Nash*  in  press).  To  date*  however*  there  is  no  consensus 
definition  for  P-PTSD.  Thus,  to  examine  the  impact  of 
adopting  different  definitions  of  P-PTSD.  we  employed 
lenient  and  stringent  definitions  and  conducted  separate 
diagnostic  utility  analyses  for  each. 

Method 

Procedure 

Data  were  collected  as  part  of  the  Marine  Resiliency  Study 
(MRS),  a  longitudinal  project  examining  risk  and  resiliency 
factors  among  active-duty  U,S,  Marines  and  Sailors  deploy¬ 
ing  to  OIF/OEF,  Assessments  wfere  conducted  prospectively 
at  one  of  two  Marine  bases  located  in  southern  California. 
Participation  entailed  completing  a  comprehensive  battery  of 
biopsy cliosocial  measures,  including  self-report  forms  and 
structured  diagnostic  interviews  (see  Baker  ct  af,  2012,  for 
an  overview  of  study  procedures).  Interviews  were  adminis¬ 
tered  by  master's  and  doctoral  level  clinicians  with  extensive 
psychological  assessment  training,  and  a  subset  of  interviews 
were  independently  rated  by  a  second  study  clinician  to  eval¬ 
uate  interrater  reliability.  The  data  analyzed  in  the  present 
Study  were  collected  from  four  separate  cohorts  of  Marines 
and  Sailors  who  completed  assessments  at  approximately  3 
months  postdeployment  (i*e„  3  months  after  participants 
returned  to  the  United  States).  Data  collection  took  place 
betw  een  June,  2009  and  September,  2011.  Written  informed 
consent  w'as  obtained  from  all  study  participants,  and  the 
Institutional  Review  Boards  al  the  Lfnivcrsity  of  California* 
San  Diego,  the  San  Diego  and  Boston  VA  Healthcare 
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Table  I,  Characteristics  of  the  Stud/  Sample. 


Measure 

n 

% 

M 

SD 

Age  (years) 

23.36 

3.40 

Race/ethnictty 

American  Indian/ 

15 

1.5 

Alaskan 

Asian  American 

26 

2.6 

Black/ African  American 

37 

3J 

Hawaiian/Pacific  Islander 

13 

1.3 

Hispanic/Latino 

233 

23  J 

White 

653 

64.8 

Multiracial/other 

31 

3.1 

Military  rank 

EI-E3 

664 

65.5 

E4-E5 

283 

27.9 

E6-E9 

42 

4.1 

01-03 

20 

2.0 

Warrant  or  field  officer 

4 

0.4 

Education 

Some  high  school 

26 

2.6 

GED 

20 

2.0 

High  school  diploma 

621 

6  I.S 

Some  college 

284 

28.1 

Associates  degree 

20 

2.0 

4-year  college  degree 

33 

3.3 

Master's  degree 

5 

0.5 

Marital  status 

Never  married 

588 

58.0 

Married 

389 

38.4 

D  i  vorced  /sepa  rated 

36 

3.6 

Time in  military  (years) 

3.14 

2.75 

Previously  deployed 

440 

43.5 

Number  of  deployments 

1.46 

0.96 

Note.  N  -  1,016.  Valid  percentages  reported. 


Systems,  and  the  Naval  Health  Research  Center,  San  Diego 
approved  all  study  procedures  and  materials. 

Participants 

Participants  were  l>016  male,  active-duty  U.S.  Marines  and 
Sailors  who  had  recently  returned  from  serving  in  OIF/OEF 
(  women  were  not  included  in  our  sample  as  all  participants 
were  members  of  infantry  battalions).  Assessments  were 
conducted  at  approximately  3  months  postdeployment;  on 
average,  participants  had  been  back  in  the  United  States 
98.58  days  (SD=  14.50).  Participant  demographies  are  pre¬ 
sented  in  Table  1 . 

Measures 

Self-reported  PTSD  symptoms  were  assessed  immediately 
following  completion  of  the  CAPS  interview'  using  the 


PTSD  Checklist-Specific  Version  (PCL-S;  Weathers,  Litz* 
Herman,  Huska,  &  Keane,  1993),  a  1 7-item  measure  assess¬ 
ing  each  symptom  of  PTSD  contained  in  the  DSM-IV.  The 
PCL-S  is  one  of  three  versions  of  the  PCL,  which  differ 
only  in  terms  of  Ihe  index  event  to  which  symptoms  are 
linked.  Unlike  the  PCL  civilian  and  military  versions 
(PCL-C  and  PCL-M),  which  instruct  individuals  to  link 
symptoms  to  “stressful  experiences1'  and  “stressful  military 
experiences”  respectively,  the  PCL-S  is  linked  to  a  specific 
index  event  (in  this  case,  the  same  index  event  that  was  used 
during  participants'  CAPS  interviews).  Consequently,  the 
PCL-S  may  be  more  likely  to  capture  PTSD  and  discrimi¬ 
nate  it  from  other  forms  of  psychopathology  than  the  PCL-C 
and  PCL-M  (Wilkins  et  aLs  2011).  The  PCL-S  has  strong 
psychometric  properties  and  is  widely  used  by  trauma 
researchers  and  clinicians  (e.g.,  Wilkins  et  al.,  2011). 
Internal  consistency  was  high  in  the  current  sample,  with  a 
Cronbach’s  alpha  of  .90. 

In  addition,  anxiety  and  depressive  symptoms  were 
assessed  using  the  Beck  Anxiety  Inventory  (BAI;  Beck, 
Epstein,  Brown,  &  Steer,  1988)  and  Beck  Depression 
Inventory’ll  (BDL1I;  Beck,  Sleer,  &  Brown,  1996).  These 
measures  w'ere  included  in  the  diagnostic  ulility  analyses  to 
provide  a  comparison  for  the  performance  of  ihe  PCL.  The 
BAI  and  BD1-I1  are  widely  used  and  have  been  extensively 
tested  and  validated  (e.g..  Beck  &  Sleer,  199);  Beck  & 
Steer.  1993;  Dozois,  Dobson,  &  Ahnberg,  1998;  Hewitt  & 
Norton,  1993;  Osman,  Koppcr,  Barrios,  Osman,  &  Wade, 
1997).  Both  the  BAI  and  BD1-II  demonstrated  high  internal 
consistency  in  the  current  sample,  each  with  an  alpha  of  .92. 
To  examine  levels  of  functioning  across  diagnostic  groups 
(i.c.,  full  PTSD  and  lenient  and  stringent  P-PTSD),  we 
administered  the  World  Health  Organization-Disability 
Assessment  Schedule  Tl-Short  Version  (WHODAS-U  Shorl 
Version;  Smith  &  Epping-Jofdan,  2000),  a  12-item  measure 
assessing  a  wide  range  of  functional  domains,  including 
social  and  occupational  functioning.  Internal  consistency 
was  high,  with  an  alpha  of  .91. 

PTSD  symptoms  were  also  measured  using  the  CAPS 
(Blake  et  al.,  1995),  a  structured  diagnostic  interview 
assessing  all  DSM-IV criteria  for  PTSD.  The  CAPS  assesses 
ihe  frequency  and  intensity  of  PTSD  symptoms  on  separate 
5-point  (0-4)  rating  scales.  Consistent  with  previous  recom¬ 
mendations  (e.g..  Weathers,  Ruscio,  &.  Keane,  1999),  symp¬ 
toms  were  considered  present  if  they  had  occurred  at  least 
once  within  the  past  month  and  with  at  least  moderate  inten¬ 
sity  (i.c.,  the  “Frequency  l/lntensity  2”  rule).  Internal  con¬ 
sistency,  based  on  item  severity  scores  (frequency  plus 
intensity),  was  high,  with  an  alpha  of  .81  ♦  Intenater  reliabil¬ 
ity  was  previously  evaluated  in  another  MRS  study  using 
intradass  correlation  coefficients  and  found  to  be  high  (  see 
Yurgil  ct  al.,  2014). 

Three  criterion  variables  were  computed  for  the  pur¬ 
poses  of  this  study,  full  PTSD  and  stringent  and  lenient 
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P-PTSD.  For  fall  PTSD,  participants  needed  to  endorse  a 
sufficient  number  of  symptoms  to  satisfy  all  crite¬ 

ria,  that  is,  one  criterion  B  symptom  (re-experiencing), 
three  criterion  C  symptoms  (avoidance  and  numbing),  and 
two  criterion  D  symptoms  (hyperarousal),  For  stringent 
P-PTSD,  participants  needed  to  endorse  a  minimum  of  one 
criterion  B,  two  criterion  C,  and  two  criterion  D  symptoms 
(i.a,  the  same  criteria  as  full  PTSD  save  one  criterion  C 
symptom).  For  lenient  P-PTSD,  participants  needed  to 
endorse  a  minimum  of  one  criterion  B  symptom  plus  three 
criterion  C  or  two  criterion  D  symptoms  (Le+,  participants 
did  not  need  Lo  endorse  symptoms  m  alt  three  clusters f 
Although  numerous  scoring  rules  have  previously  been 
used  to  operationalise  P-PTSD,  the  current  rules  were 
selected  based  on  their  past  use  in  the  research  literature,  as 
well  as  their  documented  association  with  functional 
impairment  (c.g.,  Adams,  Boscarino,  &  Galea,  2006;  MyJle 
&  Maes,  2004;  Pictrzak  et  afT  2009;  Sehnyder,  Moergcli, 
Klaghofer,  &  Buddcbcrg,  2001).  Given  evidence  that  fear, 
helplessness,  or  honor  arc  variably  reported,  and  are  less 
commonly  endorsed  by  males  in  response  to  traumatic 
events  (Creamer,  McFarlane,  &.  Burgess,  2005;  O'Donnell, 
Creamer,  McFarlane,  Si  love,  &  Bryant,  2010;  Koram  ct  ah, 
2010:  Percda  Sl  Forero,  2012),  criterion  A2  was  not  fac¬ 
tored  into  tlie  computation  of  our  PTSD  variables  (criteria 
A1,  E,  and  F  were  met  by  all  participants  assigned  a 
diagnosis). 

Data  Analysis 

A  series  of  preliminary  analyses  were  conducted  to  (a) 
determine  the  prevalence  associated  with  each  diagnos- 
tic  scoring  rule  (full  PTSD,  lenient  P-PTSD,  stringent 
P-PTSD)  and  examine  differences  in  functional  impair¬ 
ment  across  groups;  (b)  obtain  descriptive  information 
for  self*  re  port  measures  (i.e.,  the  PCL-S,  BDM1,  and 
BAl)  for  purposes  of  comparison  with  other  populations 
(i.e.,  to  determine  if  symptom  underreporting  may  he  an 
issue  in  ihe  current  sample);  and  (c)  obtain  a  nonpara- 
metric  smoothing  regression  curve  (i,c*„  a  loess  curve; 
Jacoby,  2000)  to  examine  the  relationship  between  par¬ 
ticipants’  PCL-S  scores  and  their  total  number  of  CAPS 
symptoms  met  (i.e..  determine  the  extent  to  which  this 
relationship  is  continuous).  Loess  (locally  weighted 
seatterplot  smoothing)  can  be  used  to  fit  a  regression 
curve  to  seatterplot  data  without  a  priori  specification  of 
shape.  SPSS  defaults  were  used  for  smoothing  parame¬ 
ters  (an  Epanechnikov  kernel,  50%  of  data  points  incor¬ 
porated),  SPSS  version  21,0  was  used  for  all  preliminary 
analyses.  No  participants  were  missing  data  on  the  PCL, 
BDI-II,  DAL  or  CAPS.  Kraemer’s  signal  detection 
methodology  (Kraemer,  1987,  1992)  was  then  used  to 
evaluate  ihe  utility  of  the  PCL  in  predicting  full  and 
partial  PTSD. 


Kraemer's  approach  involves  calculation  of  measures  of 
test  performance,  including  sensitivity,  specificity,  effi¬ 
ciency,  and  positive  and  negative  predictive  values,  as  well 
as  corresponding  measures  of  test  quality,  which  are 
weighted  kappa  coefficients  that  adjust  for  chance  agree¬ 
ment  between  the  test  and  criterion.  Measures  of  test  quality 
are  unambiguous,  calibrated  indicators  with  endpoints 
ranging  from  .00,  reflecting  chance  agreement  beiween  test 
and  criterion,  to  LOO,  indicating  perfect  agreement.  They 
allow  identification  of  optimally  sensitive  cutoff  scores, 
which  minimize  false  negatives  and  thus  are  ideal  for 
screening;  optimally  specific  cutoffs,  which  minimize  false 
positive  and  thus  are  ideal  for  confirmatory  tests;  and  opti¬ 
mally  efficient  cutoff  scores,  which  maximize  agreement 
between  test  and  criterion  and  thus  are  ideal  for  differential 
diagnosis.  In  the  present  study  the  focus  was  on  optimally 
efficient  tests.  Because  there  are  no  absolute  standards 
regarding  acceptable  test  efficiency,  the  BDLU  and  BAl 
were  included  to  provide  a  basis  of  comparison,  Following 
Kraemcris  ( 1987)  recommend-dation,  all  cutoffs  examined 
were  observed  in  at  least  10  participants. 

Results 

Prevalence  of  full  PTSD  was  4.1%  (n  -  42).  As  expected, 
prevalence  was  higher  for  stringent  P-PTSD  (6.2%;  n  ~  63  ) 
and  highest  for  lenient  P-PTSD  (1  Ll%;  n  =  1 13).  To  exam¬ 
ine  differences  in  functioning  across  diagnostic  groups,  wc 
conducted  a  one-way  analysis  of  variance  with  Tukcy  post 
hoc  comparisons.  Post  hoc  comparisons  revealed  that,  rela¬ 
tive  lo  participants  with  no  diagnosis.  Marines  and  Sailors 
in  the  lenient  P-PTSD,  stringent  P-PTSD.  and  full  PTSD 
groups  scored  significantly  higher  on  the  WHODAS-ll 
(according  to  both  ANOVA  and  Kruskal-Wallis  tests),  sug¬ 
gesting  that  the  diagnostic  scoring  rules  used  in  the  current 
study  arc  associated  wilh  significant  functional  impairment 
(see  Table  2), 

Descriptive  information  for  the  PCL-S,  BDl-ll,  and  BAf 
was  as  follows:  participants'  mean  score  on  these  measures 
was  22.37  (SD  =  8.00;  range  =  17-67),  4.72  ( SD  =  6.73; 
range  =  0-50),  and  4.5 1  (SD  =  7.04;  range  —  0-57),  respec¬ 
tively.  With  regards  to  the  frequency  of  minimum  scores, 
365  (35.9  %)s  366  (36.0%),  and  429  (42.2  %)  participants 
reported  the  lowest  possible  score  on  each  measure,  respec¬ 
tively.  Results  from  a  nonparametric  smoothing  regression 
curve  (Figure  1)  demonstrate  a  continuous,  positive  rela¬ 
tionship  between  participants’  PCL-S  scores  and  the  num¬ 
ber  of  PTSD  symptoms  met  on  the  CAPS, 

Signal  detection  results  are  presented  in  Table  3.  Across 
all  three  diagnostic  criteria  the  PCL  demonstrated  substan¬ 
tially  higher  quality  of  efficiency  than  did  the  RDl-lI  and 
BAl.  With  regards  to  cutoffs,  PCL  scores  of  39,  38,  and  33 
were  found  to  be  optimally  efficient  for  detecting  full 
PTSD,  stringent  P-PTSD,  and  lenient  P-PTSD,  respectively. 
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T able  2.  Means  and  Standard  Deviations  of  Functioning  According 

to  Diagnostic  Scoring  Rule. 

No  PTSD/P-FTSD, 

Lenient  P-PTSD. 

Stringent  P-PTSD,  Full  PTSD, 

M  (SD) 

M  (SD) 

M  (SD)  M  (SD) 

F(df) 

n  {%)  903  (88.9) 

WHODAS  13,76  (4,04>a 

50  (4.9) 

15,93  (5.56)b 

21(2.1)  42(4.1) 

18.43  (8.8S)b  17.67(6,75^ 

20.58  (3,  10)2)*** 

Note.  PTSD  =  posttraumatic  stress  disorder,  P'PTSD  =  partial  posttraumatic  stress  disorder:  WHODAS  -  World  Health  Organization  Disability 
Assessment  Schedule-ll  Short  Version,  Means  with  different  subscripts  differ  significantly  at  £  <  01.  Valid  percentages  reported 
001 


figure  I  *  A  nonparametrk  loess  smoothing  curve  depicting 
the  relationship  between  participants'  scores  on  the  PTSD 
Checklist-Specific  Version  (PCL-S)  and  their  total  number  of 
PTSD  symptoms,  as  determined  using  the  Clinician  Administered 
PTSD  Scale  (CAPS).  Symptoms  were  considered  present  on  the 
CAPS  if  they  had  occurred  at  least  once  within  the  past  month 
and  with  at  least  moderate  intensity 

Measures  of  lest  performance  and  quality  for  PCL  cutoffs 
ranging  from  30  to  50  for  predicting  full  PTSD  are  pre¬ 
sented  in  Table  4. 

Discussion 

Signal  detection  analysis  was  used  to  examine  the  diagnos¬ 
tic  utility  of  die  PCL  among  1,0 1 ft  MRS  participants 
assessed  at  3  months  following  return  from  deployment  lo 
OIF/OGR  To  our  knowledge,  only  one  previous  study 
(Bliese  et  al.,  2008)  has  tested  the  diagnostic  utility  of  the 
PCL  in  an  active-duty  population.  Analyses  revealed  that  a 
PCL  cutoff  score  of  39  was  optimally  efficient  for  identify’ 
mg  full  PTSD.  Although  ibis  score  is  somewhat  higher  than 
the  optimally  efficient  cutoffs  (30-34)  identified  by  Bliese 
et  al.*  it  is  substantially  lower  than  the  cutoff  of  50  found  in 


previous  studies  conducted  widi  Vietnam  War  veterans 
(Forbes  et  af,  2001;  Weathers  et  ah.  1993)  and  reaffirms 
that  different  cutoff  values  arc  indicated  for  identifying 
PTSD  among  active-duty  versus  veteran  populations. 

The  lower  diagnostic  cutoff  found  in  this  study  may 
reflect  an  unwillingness  on  the  part  of  active-duty  service 
members  to  report  mental  health  problems  due  to  concerns 
such  as  being  stigmatized  or  being  denied  opportunities  for 
advancement  (Gorman,  Blow.  Ames,  &  Reed,  2011;  Hoge 
et  aL  2004;  Kim  et  ah,  2010).  Such  a  response  bias  could 
affect  scores  on  both  the  PCL  and  CAPS,  lowering  test 
scores  and  prevalence  and  thereby  lowering  the  optimally 
efficient  cutoff  Consistent  with  this  hypothesis,  self-report 
scores  were  highly  positively  skewed,  and  there  was  a  pre¬ 
ponderance  of  minimum  values.  Whereas  the  mean  PCL-S 
score  in  our  sample  was  22.37,  higher  PCL  means  have 
been  found  in  other  published  unrestricted  samples,  includ¬ 
ing  in  Persian  Gulf  War  veterans  (M  =  34.77:  Weathers 
cl  a U  1993). 

Regardless  of  the  reasons  for  ihe  lower  test  scores  in  this 
sample,  it  appears  that  a  PCL  cutoff  of  50  is  too  high  for 
identifying  PTSD  among  active-duty  service  members 
returning  from  combat.  We  found  a  cutoff  of  50  to  have 
markedly  lower  quality  of  sensitivity  relative  to  other  cut¬ 
offs  (Table  4),  indicating  that  its  use  would  result  in  a  high 
rate  of  false  negatives  (fe.?  a  large  number  of  unidentified 
eases).  Based  on  these  findings  and  the  findings  of  Bliese 
et  al.  (2008),  it  appears  that  a  self-reported  PCL  score  in  the 
mid-  to  upper-thirties  is  more  appropriate  for  identifying 
PTSD  in  this  population.  It  is  noteworthy,  however,  that  the 
level  of  sensitivity  associated  with  a  cutoff  score  of  39 
(Sens  —  .60)  was  still  relatively  low.  indicating  that  its  use 
could  result  in  a  considerable  number  of  false  negatives. 
Thus,  for  screening  purposes,  a  lower  cutoff  appears 
indicated. 

In  addition  to  identifying  optimally  efficient  cutoff 
scores  tor  detecting  full  PTSD,  we  also  sought  to  identify 
cutoffs  indicative  of  P-PTSD,  a  condition  associated  with 
functional  impairment  and  increased  risk  for  suicidal  ide¬ 
ation  (eg.,  Marshall  et  al,,  2001)  To  achieve  this,  we  used 
two  P-PTSD  classifications,  lenient  P-PTSD  and  stringent 
P-PTSD,  which  meaningfully  differentiated  participants' 
functional  impairment.  Cutoffs  of  33  and  38  were  optimally 
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Table  3.  Diagnostic  Utility  of  Optimally  Efficient  Cutoff  Scores  on  the  PTSD  Checklist,  Beck  Depression  Inventory,  and  Beck  Anxiety 
Inventory  for  Predicting  Full  PTSDH  Stringent  Partial  PTSD.  and  Lenient  Partial  FTSD  Diagnostic  Status  Based  on  CAPS  F I  /I2  Scoring 
Rule  (N  =  1.016). 


Measure  (cutoff  score) 

Level  (%) 

Sens 

Spec 

PPV 

NPV 

Eff 

K(0) 

•c(-S) 

95%  a 

K{l) 

Full  PTSD  (Base  rate  =  4.1%) 

PTSD  Checklist  total  (39) 

5*0 

,60 

.97 

.49 

.98 

,96 

.47 

,52 

39-. 64 

*57 

Beck  Depression  Inventory  (14) 

9*7 

*62 

*93 

,26 

*98 

,91 

*23 

.33 

*23-,43 

*58 

Beck  Anxiety  Inventory  (18) 

5.5 

31 

.96 

.23 

.97 

*93 

.20 

*23 

.11-35 

.27 

Stringent  P-PTSD  (Base  rate  -  6.2%) 

PTSD  Checklist  total  (38) 

6-0 

.56 

.97 

.57 

97 

.95 

.55 

54 

.43-65 

53 

Beck  Depression  Inventory  ( 1 4) 

9.7 

.52 

.93 

.33 

*97 

,9! 

*29 

36 

,26-.46 

.47 

Beck  Anxiety  Inventory  (13) 

10,4 

*43 

.92 

*25 

.96 

,89 

.21 

*26 

,  l7-*36 

*36 

Lenient  P-PTSD  (Base  rate  -  1 1.1%) 

PTSD  Checklist  total  (33) 

9  7 

58 

96 

66 

95 

97 

61 

57 

.48-65 

.53 

Beck  Depression  Inventory  (1 1) 

14.9 

.50 

*90 

.38 

.94 

*85 

.30 

35 

*27-*43 

.42 

Beck  Anxiety  inventory  ( 1  3) 

10.4 

JS 

.93 

.38 

.92 

.86 

30 

.29 

.20-*  3  8 

.28 

Note.  Values  rounded  to  decimal  places  shown  Level  -  level  of  test  (i.e..  percentage  of  participants  meeting  cutoff);  PTSD  =  positraumauc  stress 
disorder  Sens  ~  sensinvuy;  Spec  =  specificity:  PPV  =  positive  predictive  value;  NPV  =  negative  predicuve  value;  Eff  -  efficiency;  Cl  -  confidence  Interval; 
K  (0)  =  quality  of  specificity  k  (*5)  -  quality  of  efficiency;  k  ( I )  =  quality  of  sensitivity.  Confidence  intervals  provided  for  ic  (.S).  Measures  of  test  quality 
are  adjusted  for  chance  agreement  between  the  test  and  criterion  These  values  range  from  00  (chance  agreement)  to  1,00  (perfect  agreement). 


T able  4*  Diagnostic  Utility  of  Alternative  Cutoff  Scores  on  the  PTSD  Checklist  for  Predicting  Full  PTSD  Diagnostic  Status. 


Cutoff 

Sens 

Spec 

PPV 

NPV 

Eff 

K(0) 

K[.S) 

K-(l) 

30 

*81 

.89 

.24 

,99 

*88 

*20 

32 

*78 

31 

*81 

.90 

.26 

,99 

.90 

*23 

35 

*78 

32 

.79 

.92 

.29 

,99 

.91 

.26 

39 

,76 

33 

*79 

*93 

33 

.99 

*93 

*30 

.44 

*76 

34 

.79 

.94 

35 

,99 

.93 

.32 

.45 

*76 

35 

.76 

*95 

*38 

.99 

.94 

35 

.48 

,74 

36 

.71 

.96 

*42 

.99 

.95 

39 

.50 

*69 

37 

.67 

96 

*43 

,99 

*95 

*41 

.50 

64 

38 

*64 

.97 

*44 

,98 

.95 

*42 

*50 

*62 

39 

*60 

*97 

.49 

*98 

.96 

.47 

.52 

*57 

40 

*52 

*97 

*47 

.98 

,96 

,45 

*47 

*50 

41 

*52 

.98 

*49 

*98 

,96 

*47 

,48 

*50 

42 

48 

,98 

*50 

.98 

,96 

.48 

*47 

.45 

43 

.45 

*98 

.53 

*98 

.96 

*51 

.47 

*43 

44 

45 

*98 

.56 

*98 

*96 

.54 

.48 

*43 

45 

*43 

*98 

*55 

*98 

*96 

*53 

*46 

,4  J 

46 

*36 

*99 

.56 

*97 

*96 

.54 

.42 

*34 

47 

36 

*99 

.58 

*97 

96 

*56 

*42 

34 

48 

.31 

*99 

*59 

*97 

.96 

*57 

*39 

*29 

49 

.29 

*99 

.60 

.97 

96 

*58 

*37 

.27 

50 

.24 

*99 

.59 

,97 

*96 

*57 

*32 

,23 

Nore.  Values  rounded  to  decimal  places  shown,  FTSD  =  postraumatic  stress  disorder  Sens  =  sensitivity;  Spec  =  specificity  PPV  =  positive  predictive 
value;  NPV  -  negative  predictive  value;  Eff  -  efficiency  k(0)  -  quality  of  specificity  k(,5)  -  quality  of  efficiency;  k(I)  “  quality  of  sensitivity.  Measures  of  test 
quality  are  adjusted  for  chance  agreement  between  the  test  and  criterion.  These  values  range  from  00  (chance  agreement)  to  1,00  (perfect  agreement)* 


efficient  for  detecting  lenient  P-PTSD  and  stringent 
P-PTSD.,  respectively*  Given  that  stringent  P-PTSD  dif¬ 
fered  from  full  diagnostic  status  by  only  one  Criterion  C 
symptom,  it  is  not  surprising  that  the  stringent  P-PTSD  cut¬ 
off  was  very  similar  to  that  suggesting  full  PTSD 


Clinicians  and  researchers  hoping  to  apply  study  results 
should  be  mindful  of  the  purpose  for  which  cutoffs  are 
being  used.  In  situations  where  it  is  preferred  that  fewer 
PTSD  or  P-PTSD  eases  go  undetected,  lower  identified  cut¬ 
off  values  arc  indicated.  Conversely,  in  situations  where  ii  is 
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preferred  that  false  positives  be  minimized,  higher  cutoffs 
are  recommended.  Additionally,  individuals  wishing  to  use 
cutoffs  for  screening  or  diagnostic  confirmation  purposes 
should  be  mindful  that  optimally  efficient  cutoffs  may  have 
relatively  poor  sensitivity  or  specificity.  As  no  absolute 
standards  exist  regarding  “acceptable*1  sensitivity,  it  is  nec¬ 
essary  to  adjust  cutoffs  to  meet  the  needs  of  particular  popu¬ 
lations  in  particular  contexts. 

There  are  several  important  limitations  to  our  study. 
Although  our  sample  is  large  and  likely  representative  of 
Marine  Corps  and  Navy  personnel,  il  is  not  a  stratified  ran¬ 
dom  subgroup  of  Marines  and  Sailors  and  does  not  include 
female  service  members,  which  may  affect  gencralizability. 
Similarly,  our  results  are  based  on  cutoff  scores  on  the 
PTSD  Checklist-Specific  Version  (PCL-S),  which  although 
highly  similar  to  other  versions  of  the  PCL,  may  be  better 
able  to  discriminate  PTSD  from  other  forms  of  psychopa¬ 
thology  due  to  differences  in  instruction  set  (Wilkins  et  ah, 
2011).  Of  note,  administration  of  the  CAPS  and  PCL  was 
not  counter-balanced,  and  administering  the  PCL  immedi¬ 
ately  following  the  CAPS  may  parlly  explain  why  il  outper¬ 
formed  the  BDMI  and  BAI  across  all  diagnostic  utility 
analyses.  In  addition,  a  relatively  low  base  rate  of  PTSD 
was  observed  in  the  current  sample,  which  may  have 
affected  diagnostic  utility  results.  Finally,  it  is  important  to 
note  that,  due  to  time  constraints,  comprehensive  diagnostic 
interviews  could  not  be  administered,  precluding  assess¬ 
ment  of  comorbid  psychological  conditions. 

Limitations  notwithstanding,  our  study  makes  several 
important  contributions.  Most  notably,  this  is  only  the  sec¬ 
ond  study  to  examine  the  diagnostic  utility  of  the  PCL  in  an 
active-duty  population,  and  the  first  to  validate  the  PCL 
among  active-duty  Marines  and  Sailors.  In  addition,  this  is 
the  first  study  to  examine  the  diagnostic  utility  or  the  PCL 
in  any  active-duty  population  using  the  CAPS,  widely  con¬ 
sidered  the  gold  standard  for  PTSD  assessment,  as  the  diag¬ 
nostic  criterion.  As  hypothesized,  active-duty  personnel 
appeared  more  likely  to  underreport  PTSD  symptoms  on 
the  PCL,  thus  making  it  important  to  use  lower  diagnostic 
cutoff  scores.  These  findings  will  help  guide  indicated  pre¬ 
vention  efforts  within  the  military  and  assist  researchers  and 
epidemiologists  more  accurately  estimate  rales  of  PTSD 
and  P-PTSD,  particularly  when  conducting  archival  analy¬ 
sis  of  data  collected  from  active-duty  service  members  prior 
to  DSM-5.  Study  findings  also  have  important  implications 
for  the  validation  and  use  of  the  PCL-5,  namely  that  it  be 
evaluated  separately  in  active-duty  and  Veteran  populations 
and  that  screening  efforts  take  into  account  the  possibility 
of  underreporting  by  using  cutoffs  demonstrating  high  sen¬ 
sitivity.  Last,  while  beyond  the  scope  of  this  article,  these 
findings  call  attention  to  the  i  mpact  of  active-duty  status  on 
the  diagnostic  utility  of  self-report  assessment  more  gener¬ 
ally  and  the  extent  to  which  self-report  screen ers  can  ade¬ 
quately  differentiate  service  members'  diagnostic  status. 


Further  research  is  needed  to  address  these  concerns  and 
generate  recommendations  for  optimizing  the  efficiency  of 
early  PTSD  and  P-PTSD  detection. 

Acknowledgments 

We  acknowledge  special  assistance  from  members  ciFVA  Center 
of  Excellence  for  Stress  and  Mental  Health,  VA  San  Diego 
Research  and  Fiscal  Services,  and  Lhe  1st  Marine  Division  and 
Navy  Medicine  at  29  Palms  and  at  Camp  Pendleton,  MRS 
Investigators  include  the  following:  Mark  A.  Geycr  (University  of 
Cultfornia-San  Diego  and  VA  Center  of  Excellence  for  Stress  and 
Mental  Health);  Paul  S.  Hammer  (Defense  Centers  of  Excellence 
for  Stress  and  Mental  Health  and  Traumatic  Brain  Injury, 
Arlington,  Virginia),  Gerald  E.  Larsen  (Naval  Health  Research 

Center,  San  Diego,  California);  Daniel  T.  O'Connor  (University 
of  California -San  Diego);  Victoria  B,  Risbrough  (VA  Center  of 
Excellence  for  Stress  and  Mental  Health  San  Diego  and  University 
of  Cali  torn  ia-San  Diego);  Nicholas  I.  Schork  (Scripps 
Translational  Science  Institute,  La  Jolla.  California);  Jennifer  J, 
Vaster!  ing  (Veterans  Affairs  Boston  Healthcare  System,  Boston, 
Massachusetts  and  Boston  University);  and  Jennifer  A.  Webb- 
Murphy  (Naval  Center  Combat  and  Operational  Stress  Control, 
San  Diego,  California).  Acknowledged  also  are  core  MRS  team 
members  Amela  Ahmetovic,  Nihma  Biswas,  William  IL  Black, 
M  ahalah  R,  Bud  I,  Teresa  Carper.  Andrew  De  La  Rosa.  Heather 
Ellis-Johmoru  Caitlin  Fernandes.  Susan  Fespcrmon,  David  Fink, 
Summer  Fitzgerald,  Steven  Gerard,  Gali  Goldwaser,  Patricia 
Gorman,  Jorge  A.  Gutierrez,  John  A,  Hall,  Jr,  Christian  J.  Hansen* 
Laura  Harder,  Pia  Heppner.  Alexandra  Kelada.  Christopher  L. 
Lehnig,  Jennifer  Lcmmer,  Morgan  LeSuer-Mandemack.  Manjula 
M  ah  a  la.  Adam  X.  Maihofer,  Theodore  Morrison,  Arame  M  o  lazed  i, 
El  in  Glsson,  Ines  Pandzic,  Anjanu  H.  Patel,  Dhuval  li.  Patel,  Sejal 
Patel,  Shelal  M.  Paid,  Taylor  Perin-tCash,  James  D.  E.  Pittman, 
Stephanie  Raducha,  Brenda  Thomas,  Elisa  Tsan.  Maria  Anna 
Valencerina,  Chelsea  Wallace,  Kuixing  Zhang,  and  the  many 
intermittent  on-site  MRS  clinician- interviewers  and  data  collec¬ 
tion  staff. 

Declaration  of  Conflicting  Interests 

The  authors  declared  no  potential  conflicts  of  interest  with 
respect  to  the  research,  authorship,  and/or  publication  of  this 
article. 

Funding 

The  authors  disclosed  receipt  of  the  following  financial  support 
for  the  research,  authorship,  and/or  publication  of  this  article:  This 
study  was  funded  by  the  VA  Health  Service  Research  and 
Development  Project  No,  SDR  09-0128  and  by  the  Marine  Corps 
and  Ihe  Navy  Bureau  of  Medicine  and  Surgery. 

References 

Adams,  R.  E„  Boseanno,  J.  A..  &.  Galea,  S.  (2006).  Alcohol  use. 
mental  health  status  and  psychological  well-being  2  years 
after  the  World  Trade  Center  attacks  in  Nesv  York  City. 
American  Journal  o  f  Drug  and  Alcohol  Abuse ,  32,  203-224, 
doi:  10. 1 0  80/0095 29905004 79522 


DowntoiitJMS  from  sageaubewn  al  US  tJEPt  OF  VETERAN  AFFAIRS  on  Qatjbflr  9r  2014 


8 


Assessment 


American  Psychiatric  Association.  (1994),  Diagnostic  and 
Statistical  Manual  of  Mental  Disorders  (4ih  ed),  Washington, 
DC:  Author 

American  Psychiatric  Association.  (2013).  Diagnostic  owl  Statistical 
Manual  of  Mental  Disorders  (5  th  cdj,  Arlington,  VA:  Author 
Baker,  D.  G,*  Nash,  W.  P_,  Lm,  O.  T,,Ccycr*  M.A.,  Rjsbrough*  V, 

B, *  Nie  verge  It,  C.  M . the  MRS  Team,  (2012)  Predictors 

of  risk  and  resilience  for  posttraumatie  stress  disorder  among 
ground  combat  Marines:  Methods  of  the  Marine  Resiliency 
Study,  Preventing  Chronic  Disease:  Public  Health  Research, 
Practice,  and  Policy^  9 *  110134.  doi:10,5888/pcd9.1 10134 

Beck,  A.  T„  Epstein,  N.t  Brown,  G.,  &  Steer,  R,  A.  (1988),  An 
inventory  for  measuring  clinical  anxiety:  Psychometric  prop¬ 
erties.  Journal  of  Consulting  and  Clinical  Psychology,  56, 
893-897.  dot:  1 0. 1 037/002 2-006X  .56,6,893 
Beck,  A.  T..  &  Steer,  R.  A,  (1991).  Relationship  between  the  Beck 
Anxiety  Inventory  and  the  Hamilton  Anxiely  Rating  Scale 
with  anxious  outpatients.  Journal  of  Anxiety  Disorders,  5, 
2 1 3-223 .  dot:  1 0.1 0 1 6/0887-61 85(9 1  )90002-B 
Beck,  A.  T,,  &  Steer,  R,  A.  (1993),  Beck  Anxiety  Inventory' 
Manual.  San  Antonio,  TX:  Psychological  Corporation. 

Beck,  A.  Steer,  R.  A..  &  Brown,  G.  K.  (1 996).  Manual 
for  the  Beck  Depression  inventory-1  L  San  Antonio,  I  X; 
Psychological  Corporation. 

Blake,  D„  Weathers,  F.  W.,  Nagy,  L.  M..  Sc  Kaloupek,  [X  G„ 
Gusman,  F,  D.t  Ohamey,  D,  &  Keane.  T.  M.  (1995),  The 
development  of  a  Cl  inician-Admini  stored  PI  SD  Scale,  Journal 
of  Traumatic  Stress ,  8 ,  75-90,  doi:  10,1002^.24900801 06 
Bliese*  P.  D„  Wright,  K.  M.,  Adler,  A.  B.,  Cabrera,  0.,  Castro* 

C,  A,*  &  Hoge.  C  W.  (2008),  Validating  the  primary  care 
posttraumatie  stress  disorder  screen  and  l  he  posttraumatie 
stress  disorder  checklist  with  soldiers  returning  from  combat. 
Journal  of  Consulting  and  Clinical  Psychology,  76,  272-28 1 . 
doi:I0,l037/0022-0(J6X.76.2.272 

Breslau,  N.,  Lucia,  V.  C\,  Si  Davis,  G.  C.  (2004),  Partial  PTSD 
versus  full  PTSD;  An  empirical  examination  of  associ¬ 
ated  impairment.  Psychological  Medicine,  34 ,  1205-1214, 
dot:  1 0J  0 1 7/S003329 1 704002594 
Creamer,  M„  McFarlane,  A,  C.,  &  Burgess,  P.  (2005), 
Psychopathology  following  trauma:  The  role  of  subjective 
experience.  Journal  of  Affective  Disorders (  86.  175-182. 
doi:10,I016/j.jad.2005,01.015 

Dqzgls*  D.  A.*  Dobson,  K,  S.*  &  Ahnberg*  J.  L.  (1998). 
A  psychometric  evaluation  of  the  Beck  Depression 
Inventory- IT  Psychological  Assessment,  10.  83-89, 

dot:  1 0. 1 037/ 1 040-3590, 1 0,2,83 

Forbes*  D,,  Creamer,  M,*  &  Biddle,  D.  (2001),  the  validity  of 
the  PTSD  checklist  as  a  measure  of  symptomatic  change  in 
combat -re  I  a  led  PTSD,  Behaviour  Research  ami  Therapy,  39 , 
977-986,  doi;  1 0, 1 01 6/S0005-7967(00)00084-X 
Gorman,  L,  A.,  Blow,  A.  J„  Ames,  B.  D  *  Sl  Reed,  P,  L*  (201 1). 
National  Guard  families  after  combat;  Mental  health,  use 
of  mental  health  services,  and  perceived  treatment  barriers. 
Psych  ia  trie  Services,  62,  28-34.  doi:  10,1 176/appi.ps.62J,28 
Hewitt,  P,  L.,  Sc  Norton,  G,  (1993).  The  Beck  Anxiety  Inventory: 
A  psychometric  analysis.  Psychological  Assessment,  5,  408- 
412,  doi:  10. 1 037/1040-35^5.4,408 


Hoge,  C,  W.T  Castro,  C.  A„  Messer,  S.  C,  McGurk,  D,,  Cutting, 
P  I.t  Si  Koffman*  R.  L,  (2004),  Combat  duly  in  Iraq  and 
Afghanistan,  mental  health  problems,  and  barriers  to  care. 
New  England  Journal  of  Medicine,  35  L  13-22.  doi:  10. 1056/ 
NHJMua 040603 

Jacoby,  W.  G.  (2000),  Loess:  A  nunpurumetrie.  graphical  mol  for 
depicting  relationships  between  variables.  Electoral  Studies, 
19, 577-613. 

Jakupcak*  M„  Conybeare,  D.,  Phelps,  L.,  Hunt,  S.,  Holmes.  IL 
A.*  Fdker,  B.* *  ,  ,McfalL  M.  E.  (2007).  Anger*  hostility,  and 
aggression  among  Iraq  and  Afghanistan  war  veterans  report¬ 
ing  PTSD  and  subthreshold  PTSD.  Journal  of  Traumatic 
Stress.  20,  945-954.  doi:  1 0.  UH)2/jls.2l)258 
Karam*  B„  Andrews,  G.T  Bromet,  E.,  Petukhova,  M.,  Ruse  to.  A., 
Salamoun,  M,*  . .  .Kessler,  R.  C.  (2010).  The  rale  of  criterion 
A2  in  the  DSM-JV  diagnosis  of  posttraumatie  stress  disor¬ 
der,  Biological  Psychiatry,  6S,  465-473,  doi:10.1016/j*bia- 
psych.201 0.04.032 

Keane*  T.  M„  Street,  A.  E.*  &  Stafford,  J.  (2004),  The  assessment 
of  military-related  PTSD,  In  J  P.  Wilson*  T.  M.  Keane,  J. 
P*  Wilson,  Sc  T.  M.  Keane  ( Eds,),  Assessing  psychological 
trauma  and  PTSD  (2nd  cd.,  pp.  262-285).  New  York*  NY: 
Guilford  Press. 

Kim,  P.  Y.,  Thomas,  J.  L..  Wilk.  J.  E,t  Castro*  C.  A,.  &  Hoge.  C. 
W.  (2010).  Stigma,  barriers  lo  care*  and  use  of  mental  health 
services  among  active  duty  and  National  Guard  soldiers  after 
comhaL  Psychiatnc  Sendees.  61.  572-588.  doi:  10. 1 176/appi. 
ps,6 1,6,582 

Kraemer,  H.  C.  (1987).  The  methodological  and  statistical  evalua¬ 
tion  of  medical  tests:  The  Pexameihasone  suppression  test  in 
psychiatry.  Psych  on  euroendocrinalpgy,  1 2,  41 1-427 
Kraemer*  H .  C ,  (1992).  Evaluating  medical  tes  ts ;  Object 1  \  re  a  ml 
quant  i  la  five  gu  ide  fines  ,  Newbury  Park.  CA:  Sage. 

Liu,  B.  T.*  Stcenkamp*  M,  M.,  Sl  Nash,  W,  P.  (in  press).  Resilience 
and  recovery  in  the  military.  In  N.  Feeney  (BdL),  Facilitating 
resilience  and  recovery  following  traumatic  events  (pp,  69- 
1 13),  New  York,  NY;  Guilford  Press, 

Marshall*  R.  D„  Olfson*  M,,  Heilman*  F„  Blanco.  C..  Guardino* 
M,„  &  Slruening,  E,  L.  (2001).  Comorbidity,  impairment* 
and  suicidality  in  subthreshold  PTSD,  American  Journal  of 
Psychiatry.  158,  1467-1473.  doi:  10.  II  76/appi.ajp.  15  8.9. 1467 
My  He*  J„  &  Maes*  M,  (2004),  Partial  posltraumatic  stress  dis¬ 
order  revisited.  Journal  of  Affective  Disorders,  78 *  37-48. 
doi:  10.101 6/SO  1 65-032  7(02 ) 002 1 8-5 
Nash*  W  P.  (2011).  U.S.  Marine  Corps  and  Navy  combat  and 
operational  stress  continuum  model;  A  tool  Tor  leaders.  In  E. 
C,  Ritchie  (Ed,)*  combat  ami  operational  behavioral  health 
(pp,  33-63).  Washington,  DC:  Borden  Institute. 

O'Donnell*  M,  L,*  Creamer*  M.P  McFarlane,  A,  C,  Siluve*  D„ 
&  Biyant,  R,  A.  (2010).  Should  A2  be  a  diagnostic  requ ire- 
mem  for  posttrau marie  stress  disorder  in  DSM-  f  ?  Psychiatry 
Research ,  176,  257-260,  dot:  10,  l(H6/J.psychres.2009,05.0l2 
Osman*  A.,  Kopper,  B,  A.*  Barrios*  F.  X,.  Osman,  J,  R.*  &  Wade* 
T,  (1997),  The  Beck  Anxiety  Inventory:  Reexamination 
of  Factor  structure  and  psychometric  properties.  Journal  of 
Clinical  Psychofogy,  53,  7-14.  doi:  JO.1Q02/(SiCl)  1097- 
4679(  199701)53;  1<7::AID-JCLP2>3.0.CO:2-S 


Downloaded  fnwn  asm  sagopbb.eamat  US  DEPT  O Hr  VETERAN  AFFAIRS  on  October  B, 


Didkstdn  et  oi. 


9 


Pereda,  N  *,&.  Torero.  C.  G.  (201 2).  Contribution  of  criterion  A  2  la 
PTSD  screening  in  the  presence  of  iraumalic  events.  Journal 
of  Traumatic  Stress ,  25,  587-591.  doi;  10.1002/jts,2l736 
Pietrzak,  R.  H,,  Goldstein,  M,  B..  Malley,  J.  C.,  Johnson,  11  C.,  & 
South  wick,  S.  M,  (2009).  Subsyndroroal  posttraumatic  stress 
disorder  is  associated  with  health  and  psychosocial  difficulties 
in  veterans  of  operations  enduring  freedom  and  Iraqi  freedom. 
Depression  and  Anxiety,  26 ,  739-744,  doi:  10, 1 002/da. 2 05 74 
Schneiderman,  A.  L,  Braver*  E.  R.,  &  Kang,  H.  K.  (2008). 
Understanding  sequelae  of  injury  mechanisms  and  mild  trau¬ 
matic  brain  injury  incurred  during  the  conflicts  in  Iraq  and 
Afghanistan:  Persistent  poslconcussive  symptoms  mid  ppst- 
traumatie  stress  disorder,  American  Journal  of  Epidemiology* 
l$?w  1446-1452.  doi:  10. 1 093/aje/kwnQ68 
Schnyder,  U.,  MoergelL,  H.,  Klaghofer,  R.,  &  Buddeberg,  C. 
(200 1 ).  Incidence  and  prediction  of  posttraumatic  stress  disor¬ 
der  symptoms  in  severely  injured  accident  victims,  American 
Journal  of  Psychiatry,,  158 ,  594-599.  doi:  10.1 176/appi, 
ajp.  1 58.4.594 

Sheehan,  D.  V..  Lecrubier,  Y..  Sheehan,  K.,  Amorim,  P.Janavs,  J.T 
Weiller,  E-,  .  -  .Dunbar,  G,  C.  (1998).  The  Mini -International 
Neuropsychiatric  Interview  (M.I.NJ):  The  development  and 
validation  of  a  structured  diagnostic  psychiatric  interview 
for  DShSrIV  and  1CD-1Q.  Journal  of  Clinical  Psychiatry\ 
59(Suppl.  20),  22-33. 

Smith,  M,t  &  Epping-Jordan.  J.  (2000).  WHODAS  U  training 
manual:  A  guide  to  administration .  Geneva,  Switzerland: 
World  Health  Organization. 

Thomas.  J,  L.,  Wilk,  J,  E.,  Riviere,  L.  A.,  McGurk,  D.,  Castro,  C. 
A..  &  Hoge,  C,  W.  (2010).  Prevalence  of  mental  health  prob¬ 
lems  and  functional  impairment  among  Active  Component 
and  National  Guard  soldiers  3  and  12  months  following 


combat  in  Iraq.  Archives  of  Central  Psychiatry,  67 \  614-623. 
doi :  10. 1 00 1  /archgenpsych  iatry  .20 1 0.54 
Weathers,  F.  W,,  Keane,  T.  M.,  &  Davidson,  J  T-  (2001), 
Clinician-Administered  PTSD  Scale:  A  review  of  the  first 
ten  years  of  research.  Depression  and  Anxiety,  13,  132-156, 
doi:  1 0,1 002/da.  1029 

Weathers,  F.  W.f  Lilz.  B.  T„  Herman,  D,  S„  Hu  ska,  J,  A„  St 
Keane,  T.  M.  (1993,  October).  The  PTSD  Checklist  (PCI); 
Reliability,  validity  and  diagnostic  utility.  Paper  presented 
at  the  International  Society  for  Traumatic  Stress  Studies,  San 
Antonio,  TX. 

Weathers,  F.  W..  Ruscio,  A.,  &  Keane,  T.  M.  (1999).  Psychometric 
properties  of  nine  scoring  rules  for  the  Clinician- Administered 
Posttraumatic  Stress  Disorder  Scale.  Psychological 
Assessment,  //,  124-133.  doi:  10. 1037/1040-3590.1 1.2,124 
Weiss,  D.  S.  (2004).  Structured  clinical  interview  techniques  lor 
PTSD,  in  J.  P,  Wilson,  T,  M.  Keane,  J,  P.  Wilson,  &  T,  M. 
Keane  (Eds.),  Assessing  psychological  trauma  and  PTSD 
(2nd  cd.,  pp,  103-121).  New  York,  NY:  Guilford  Press. 
Wilkins,  K.  C..  Lang,  A.  J.,  Norman,  S.  B.  (20 1 1 ).  Synthesis  of 
the  psychometric  properties  of  the  PTSD  checklist  (PCL)  mil¬ 
itary,  civilian,  and  spceiiie  versions.  Depression  and  Anxiety T 
28, 596-606.  doi:  1 0. 1 0O2/da.2O837 
Yurgil,  K.  A.,  Barkauskas,  D.  A,,  Vasterling,  J,  J.7  Nievcrgelt, 

C.  M.,  Larson,  G,  E„  Sehork,  N.  J . Baker,  D.  G.  (2014). 

Association  between  traumatic  brain  injury  and  posttraumatic 
stress  disorder  in  active -duly  Marines.  JAMA  Psychiatry^  7  /T 
1 49-1 57,  doi :  10. 100  L  /ja mapsychiatry .20 1 3 .3080 
Z  tot  nick,  C.,  Franklin,  C„  8l  Zimmerman,  M.  (2002),  Does  “sub- 
ihreshold71  posttraumatic  stress  disorder  have  any  clinical  rele¬ 
vance?  Comprehensive  Psychiatry,  71. 413-41 9.  doi:  10. 1 053/ 
comp. 2002. 35900 


from  awFisKjHpuei  tpfti  at  us  wept  of  veteran  affairs  on  oodht  g.sflu 


Research 


Original  Investigation 

Assessment  of  Plasma  C- Reactive  Protein 

as  a  Biomarker  of  Posttraumatic  Stress  Disorder  Risk 


Satish  A  Eraly  MD,  PhD;  Caroline  M  Nievergelt,  PhD;  Adam  X  Maihofer,  MS;  Donald  A.  Barkauskas,  PhD; 
NUirna  Biswas,  PhD;  Agorastos  Agorastos.  MD;  Daniel  T  O'Connor,  MD.  Dewleen  G.  Baker,  MD; 
for  the  Mar  me  Resiliency  Study  Team 


□  Supple  me  nta  I  con  te  nt  at 

importance  Posttraumatic  stress  disorder  {PTSD)  has  been  associated  tn  cross-sectional  Jamapsychiatry.com 

studies  with  peripheral  inflammation.  It  is  not  known  whether  this  observed  association  is  the 
result  of  PTSD  predisposing  to  inflammation  (as  sometimes  postulated)  or  to  inflammation 
predisposing  to  PTSD. 

OBJECTIVE  To  determine  whether  plasma  concentration  of  the  inflammatory  marker 
G  reactive  protein  (CRP)  helps  predict  PTSD  symptoms, 

DESIGN.  SETTING,  AND  PARTICIPANTS  The  Marine  Resiliency  Study,  a  prospective  study 
of  approximately  2600  war  zone-deployed  Marines,  evaluated  PTSD  symptoms  and  various 
physiological  and  psychological  parameters  before  deployment  and  at  approximately  3  and  6 
months  following  a  7-month  deployment.  Participants  were  recruited  from  4  all  male  infantry 
battalions  imminently  deploying  to  a  war  zone.  Participation  was  requested  of  2978 
individuals;  2610  people  (87.6%)  consented  and  2555  (8S,8%)  were  included  in  the  present 
analysis.  Postdeployment  data  on  com  bat- related  trauma  were  included  for  2208 
participants  (86,4%  of  the  2555  included)  and  on  PTSD  symptoms  at  3  and  6  months  after 
deployment  for  1861  (72,8%)  and  1617  (63.3%)  participants,  respectively. 

main  outcomes  and  measures  Severity  of  PTSD  symptoms  3  months  after  deployment 
assessed  by  the  Clinician  Administered  PTSD  Scale  (CAPS). 

RESULTS  We  determined  the  effects  of  baseline  plasma  CRP  concentration  on 
postdeployment  CAPS  using  zero- inflated  negative  binomial  regression  (Z1NBR).  a  procedure 
designed  for  distributions,  such  as  CAPS  in  this  study  that  have  an  excess  of  zeroes  in 
addition  to  being  positively  skewed  Adjusting  for  the  baseline  CAPS  score,  trauma  exposure, 
and  other  relevant  covariates,  we  found  baseline  plasma  CRP  concentration  to  be  a  highly 
significant  overall  predictor  of  postdeployment  CAPS  scores  (P  =  002):  each  10-fold 
increment  in  CRP  concentration  was  associated  with  an  odds  ratio  of  nonzero  outcome 
(presence  vsabsence  of  any  PTSD  symptoms)  of  LSI  (95%  CL  U5-1.97;  P  =  .003)  and  a  fold 
increase  in  outcome  with  a  nonzero  value  (extent  of  symptoms  when  present)  of  LOG  (95% 

CL  0,99-1.14:  P  =  09), 


conclusions  and  relevance  A  marker  of  peripheral  inflammation  plasma  CRP  may  be 
prospectively  associated  with  PTSD  symptom  emergence,  suggesting  that  inflammation  may 
predispose  to  PTSD. 
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bservational  studies3  largely  support  an  association  of 
■  posttraumatic  stress  disorder  (PTSD)  with  increased 
peripheral  inflammation,  as  discussed  in  a  recent  re¬ 
view  of  the  overall  evidence*2  For  instance,  one  large  cross- 
sectional  community- based  study3  found  that  patients  with 
PTSD  had  approximately  twice  the  odds  of  those  without  this 
disorder  of  elevation  in  the  inflammatory  marker  C-reactive 
protein  (CRP).  Similarly,  although  some  case-control  studies4-5 
have  had  negative  or  equivocal  findings,  in  most  such 
studies*-1*  PTSD  cohorts  have  had  significantly  greater  plasma 
levels  of  CRP  or  interleukin  6,  among  other  inflammatory  mark¬ 
ers,  than  did  controls.  This  association  is  of  prognostic  signifi¬ 
cance  because  low-grade  inflammation  is  likely  involved  in  the 
pathophysiology  of  the  metabolic  syndrome,17"1*  a  major  car¬ 
diovascular  risk  factor1516;  indeed,  PTSD  has  been  found  to  be 
associated  with  this  syndrome.17  24 

It  is  plausible  that  the  observed  association  between  PTSD 
and  inflammation  is  due  to  PTSD -related  stress  hormone  dys- 
regularion  leading  to  alterations  in  immune,  and  therefore  in¬ 
flammatory,  signaling. 7fa5‘77  However,  given  the  cross- 
sectional  nature  of  the  evidence  at  hand,  it  remains  possible 
that  rather  than  PTSD  promoting  inflammation,  inilamma- 
tion  places  individuals  at  heightened  risk  for  developing  PTSD 
in  the  setting  of  trauma*  In  other  words,  the  direction  of  cau¬ 
sality  runs  from  inflammation  to  PTSD  rather  than  from  PTSD 
to  inflammation. 

Service  members  serving  in  the  Iraq  and  Afghanistan  con¬ 
flicts  endure  substantial  combat  stress  and  consequent  PTSD.2* 
The  Marine  Resiliency  Study  (MRS)  is  a  prospective  field  study 
of  approximately  2600  Marines  and  sailors  deployed  to  Iraq  or 
Afghanistan*  during  which  PTSD  severity  and  various  physi¬ 
ological  and  psychological  parameters  were  determined  pre¬ 
deployment  and  postdeployment,  affording  an  outstanding  op¬ 
portunity  to  investigate  the  causal  relationship  between 
inflammation  and  PTSD*  In  the  present  study,  we  determined 
whether  baseline  peripheral  inflammation,  assessed  by  plasma 
CRP  levels  in  the  MRS,  contributes  to  postdeployment  PTSD 
symptoms,  assessed  by  scores  on  the  Clinician -Administered 
PTSD  Scale  (CAPS),  adjusting  for  trauma  exposure  and  other 
relevant  cova  nates* 


Methods 

Participants 

The  MRS  is  a  prospective  longitudinal  study  of  biological  and 
neuropsychological  modulators  of  combat  stress-related 
PTSD  in  Marines. Approval  was  received  and  has  been 
maintained  since  August  2007  from  the  institutional  review 
boards  of  the  University  of  California,  San  Diego,  Veterans 
Affairs  San  Diego  Research  Service*  and  Naval  Health 
Research  Center.  Participants  were  recruited  from  4  all -male 
infantry  battalions  that  were  imminently  deploying  to  a  war 
zone*  Participation  was  requested  of  2978  individual,  of 
whom  2610  (87*6%)  provided  written  informed  consent  and 
were  enrolled  and  given  financial  compensation*  Assessment 
of  the  participants  began  on  July  14,  2008,  and  continued 
through  May  24, 2012*  Fifty-five  of  t  he  enrollees  were  ex¬ 


cluded  from  the  present  analysis  because  they  did  not  deploy 
with  their  cohort  or  withdrew  before  completing  the  pre de¬ 
ployment  visit,  so  that  the  number  of  participants  included 
was  2555  (85*8%).  The  demographics  of  these  individuals  are 
summarized  in  Table  1. 

Data  were  collected  approximately  l  month  before  a 
7- mo  nth  deployment  (baseline;  visit  0)  and  at  1  week,  3  months, 
and  6  months  following  the  deployment  (visits  l,  2,  and  3,  re¬ 
spectively).  Among  the  2555  included  participants,  baseline 
plasma  CRP  concentrations  were  included  from  2484  partici¬ 
pants  (97.2%)  and  baseline  CAPS  scores  from  2533  partici¬ 
pants  (99.1%)*  For  the  other  specific  baseline  variables  used  in 
the  present  statistical  analyses  (ant  hropo metrics,  psychomet¬ 
rics,  and  demographics;  see  below),  the  number  of  individu¬ 
als  with  included  data  ranged  from  2482  to  2548  (97.1%- 
99-7%),  Data  on  deployment-related  trauma  were  obtained  at 
visit  land  were  included  from  2208  participants  (86.4%),  visit 
2  CAPS  scores  from  1S61  participants  (72*8%),  and  visit  3  CAPS 
scores  from  1617  participants  (63*3%), 

Measures 

The  CAPS, 30  a  criterion  standard  PTSD  symptom  scale,  was  the 
primary  ou  tcome  measure  for  our  analyses  because,  as  a  136- 
point  numeric  scale*  iL  would  be  expected  to  yield  greater  dis¬ 
criminant  power  than  the  binary  outcome  of  PTSD  diagnosis. 
Trauma  exposure  occurring  during  combat  was  assessed  with 
the  Deployment  Risk  and  Resilience  Inventory  Combat  Expo¬ 
sure  Scale  (CES)  (http://www.ptsd.va.gov/professiona! 
/assessmenl/te-measures/ces.asp),  and  exposure  occurring  in 
the  aftermath  of  com  bat  with  the  Deployment  Risk  and  Resil¬ 
ience  Inventory  Post-battle  Experiences  (PBE)  scale  (http: 
//www*ptsd*va*gov/professicmal/assessmen[/deployment 
/exposuie-a fterma th -battle .asp) ,  Baseline  high -sensitive  CRP 
plasma  levels  were  measured  using  an  enzyme-linked  immu¬ 
nosorbent  assay  (ALPCG  Diagnostics).  Measures  For  variables 
not  included  in  the  final  regression  model  are  described  in  the 
Supplement  (e  Met  hods). 

Statistical  Analysis 

The  association  of  our  predictors  of  interest  with  CAPS  was 
determined  using  zero -Inflated  negative  binomial  regression 
(Z1NBR)*  A  description  of  this  method  and  the  rationale  for  its 
choice  are  in  the  Supplement  (eMeihodsj.  Potential  com 
Founders  were  selected  fo;  inclusion  in  regression  modeling 
on  the  basis  of  their  univariate  association  at  a  lenient  signifi¬ 
cance  threshold  (P  <  ,20),  with  both  the  outcome  (postde¬ 
ployment  CAPS)  and  the  predictor  of  interest  (plasma  CRP 
concentration)  (determined  by  analysis  of  variance,  linear 
regression,  or  Z1NBR  as  appropriate).  The  values  for  plasma 
CRP  concentrations  were  skewed  and  were  therefore  log 
transformed  before  analyses.  Ordinal  and  binomial  logistic 
regression  were  used  to  determine  the  effects  of  the  same 
predictors  as  in  the  final  ZINBR  model  (Table  2)  on  the  cat¬ 
egorical  outcomes  at  visit  2  of  full  PTSD  (as  defined  in  the 
DSM  /V-R)*31  partial  PTSD,37"^  or  no  PTSD.  Statistical  analy¬ 
ses  were  performed  with  either  SPSS*  version  20.0  (IBM)  or* 
For  ZINBR,  the  R  statistical  package  (http://cran.r-project.org)* 
All  P  values  reported  are  2- tailed. 
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Table  1.  Selected  Baseline  and  Postdeployment  Character! sties  of  Parti dpantsJ 


Characteristic 

No. 

Mean  (50)  or  %u 

Median  (Range)* 

Demographics 

Age,  y 

2548 

22,78  (3.51) 

21,83  (18-48) 

Ethnicity 

2534 

Mon -Hispanic 

1944 

76,5 

Hispanic 

590 

23.2 

Race 

2503 

European  American 

2113 

B2.7 

African  American 

119 

4.7 

Asian  American 

69 

2.7 

American  Indian 

35 

1.4 

Pacific  Islander 

38 

1.5 

Mixed 

129 

5,0 

Highest  educational  level 

2482 

High  school 

1645 

643 

At  least  some  college 

825 

32.3 

Postgraduate 

12 

03 

Marita  [status 

2538 

Never  married 

1560 

61.1 

Married 

889 

34.8 

Divorced  or  separated 

S9 

3.5 

M  tit  La  ry  characteristics 

Service  length,  mo 

2538 

36.29  (24.45) 

26,00  (0-324) 

Previously  deployed 

2541 

51.3 

Enlisted 

2640 

974 

CRP,  mg/L 

2484 

1.93  (3.31) 

0  79  (0,03-28.53) 

Waist  circumference,  cm 

2533 

85,39  (7,62) 

84.46(65,41-123,52) 

6  Ml 

2533 

27,60(3.24) 

27,42  (18,83-41  41} 

Mean  arterial  blood  pressure,  mm  Hg 

2527 

90.38  (7.98) 

90,00(64.67-148.33) 

AUDIT-C  score 

2527 

5.06  (3.61) 

5,00  CD-121 

BAI  score 

Visit  0 

2519 

6.79  (7.85) 

4.00  (0-53) 

Visit  2 

1850 

4.79  (7.36) 

2,00  (0-57) 

Visit  3 

1609 

4.22  (7  26) 

1.00  (0-63) 

BDI  score 

Visit  0 

2526 

6.59  (7.67) 

4,00(0-51) 

Visit  2 

1854 

5,05  (6,80) 

2.00  (0-54) 

Visit  3 

1612 

4.79  (6,82) 

2.00  (0-46) 

CAPS  score 

Visit  0 

2533 

14.89  (15.37) 

10,00  (0-101) 

Visit  2 

1861 

17,40  (18.01) 

12.00  (0-120) 

Visit  3 

1617 

15,41  (17.39) 

10.00  (0-107) 

FT5DJ 

Visit  0 

2533 

4.7 

— 

Visit  2 

1861 

63 

Visit  3 

1617 

5.1 

CE5 

2189 

13.57  (1139) 

9.00  (0-64) 

FBE 

2204 

5.65  (4.79) 

4  00(0-15) 

Abbreviations:  AUDIT-C,  Alcohol  Use 
Disorders  Identification 
Test-consumption:  BAI,  Betk  Anxiety 
Inventory,  BDI,  Beck  Depression 
Inventory,  E3MS,  body  mass  index 
[calculated  as  weight  in  kilograms 
divided  by  height  in  meters  squared); 
CAPS.  Clinician-Administered 
Rasttraumatic  Stress  Disorder  (PTSD) 
Scale;  CCS,  Combat  Exposure  Scale; 
CRft  baseline  plasma  C-  reactive 
protein:  PBE.  Post- battle 
Experiences;  ellipses.  not  applicable, 
*  See  the  Methods  section  for 
definition  of  variables  and 
additional  details  concerning 
demographics  and  military 
characteristics, 

A  small  proportion  of  participants 
did  not  provide  uata  on 
demographic  traits;  therefore,  the 
per  centages  do  not  total  100%. 

1  Median  (range)  values  were  not 
determined  for  values  reported  as 
percentages. 

0  Visit  0,  baseline;  visit  2. 3  months 
post  deployment;  visit  3, 6  months 
postdeployment. 


Results 

Choice  of  Outcomes  and  Model  Covariates 

Baseline  and  postdeployment  values  of  participants  for  the 

variables  included  in  the  statistical  models  are  listed  in  Table  i 


along  with  selected  additional  characteristics*  Posttraumatic 
stress  disorder  symptoms,  assessed  by  CAPS  scores  (see  the 
Methods  section),  increased  significantly  between  the  base¬ 
line  and  3  month  postdeploy  me  nl  visits  used  for  our  analysis 
(visits  o  and  2),  and  then  trended  back  toward  baseline  in  line 
with  findings  in  a  recent  systematic  review,35 In  contrast  to  their 


jamapsyriiiatryxom  JAMA  Psychiatry  April  2014  Volume  71,  Number  4 

Copyright  2014  American  Medical  Association,  All  rights  reserved. 


425 


Down  loaded  From:  http://archpsyc.jamjiiichvork.com/bya  Department  of  Veterans  Affairs  User  on  10/09/2014 


Research  Original  Investigation 


C- Reactive  Protein  in  PTSD  Risk 


Tabled  Zero-Inflated  Negative  Binomial  Regression  Model  of  Postdeployment  (Visit  2)  CAPS  Score  in  1719  Participants 


Variable 

Zero  Model 

Count  Model 

Overall 

P  Value0 

OR  (95%  Opb 

P  Value 

Fold  Change  (95%  G)^ 

P  Value 

Intercept15'** 1 

1.25  (0.75-2,05) 

.37 

10,57  (9,29-12,03) 

<,001 

Cohort  1 

1.92(1.08-3.43) 

.03 

1,03  (0.90-1.19) 

.68 

<,001 

Cohort  2 

0,57  (0,36-0,90) 

02 

0.94  (0.S3-1.07) 

.35 

<,001 

Cohort  3 

0,63(0.41-0,97) 

.04 

0.78  (0.70-0,86) 

<■001 

<.001 

Cohort  4 

O' 

CAPSO  &core 

1,10(1,08-1.12) 

<.001 

1.02  (1.02-1,02) 

<.001 

<001 

CES  score 

1.03(1.01-1,05) 

,02 

1.01  (1.00-1,01) 

.001 

<.001 

PBE  score 

1.08(1.03-1.13) 

.003 

1,04  (1.03-1.05) 

<,001 

<.001 

Log  CRP 

1.51  (1.15-1.97) 

.003 

106  (0,99-1,14) 

,09 

.002 

Abbreviating  CAPSO.  CIHudan-Admintstered  Posttnaomatic  Stress  Disorder 
(PTSD)  Scale  score  at  visit  O  (baseline);  CES.  Combat  Exposure  Scale;  CRP,  baseline 
plasma  C- reactive  protein;  OR,  odds  ratio;  PBE.  Posl-bartle  Experiences 
"Ratio  of  approxirnate?  odds  of  nonzero  outcome  (computed  by  exponentiating 
the  cor  responding  coefficient  In  the  regression  model  and  adjusted  for  the 
variables  listed  In  the  table), 

11  Value  for  the  intercept  indicates  approximate  odds  of  nonzero  outcome  at 
baseline  (cohort  equals  4  and  all  other  variables  have  zero  values). 


L  Approximate  fold  change  in  outcome,  in  the  event  of  a  nonzero  outcome 
(computed  by  exponentiating  the  corresponding  coefficient  in  the  regression 
model  and  adjusted  for  the  variables  listed  in  the  table). 

Value  for  the  intercept  indicates  approximate  outcome  in  the  event  of  a  nonzero 
outcome  at  baseline  (cohort  equals  4  and  all  other  variables  have  zero  values). 

*  By  the  likelihood  ratio  lest . 

1  This  variable  was  set  to  zero  because  rt  Is  redundant. 


scores  on  CAPS,  participants’  scores  on  the  Beck  Anxiety  In¬ 
ventory  and  Beck  Depression  Jnventoiy  (Supplement 
feMethods])  dropped  markedly  after  completion  of  deploy¬ 
ment  (Table  i),  potentially  reflecting  the  relief  experienced  by 
service  personnel  on  return  From  combat.  Thus,  the  ob¬ 
served  postdeployment  increases  in  PTSD  symptoms  were  not 
attributable  to  broad  psychopat  hology  or  general  psychologi¬ 
cal  distress. 

We  included  baseline  CAPS  scores  (CAPSO)  as  a  covariate 
in  all  statistical  analyses  of  the  outcome  of  visit  2  CAPS(CAPS2) 
so  as  to  adjust  for  any  differences  between  participants  in 
CAPS2  that  were  attributable  to  preexisting  differences  in 
CAPSo ;  this  also  adjusted  for  any  effects  of  baseline  PTSD  symp¬ 
toms  on  the  subsequent  trajectory  of  the  disorder.  In  addi¬ 
tion  to  CAPSo,  CES  and  PBE  scores  (determined  at  visit  l  im¬ 
mediately  following  deployment)  were  included  as  covariates 
in  regression  models  to  adjust  for  differences  between  par¬ 
ticipants  in  traumatic  exposure  during  and  after  combat,  re¬ 
spectively  (as  detailed  in  the  Met  hods  section),  Moreover,  be¬ 
cause  the  4  MRS  battalions  differed  from  one  another  in  their 
war  zone  experiences  and  in  the  timing  of  their  training  regi¬ 
men  relative  to  the  period  of  data  collection,  cohort  assign¬ 
ment  of  each  participant  was  set  as  a  factor  in  regression  analy¬ 
sis,  Multiple  other  potential  confounders  were  evaluated, 
including  several  previously  associated  with  both  PTSD  and 
peripheral  inflammation  (eg,  baseline  depression,  anxiety,  and 
alcohol  and  tobacco  use3*5'5*)  and  various  anthropometric  and 
demographic  variables  (Table  l);  ho  we  vet,  none  met  the  cri¬ 
teria  for  inclusion  in  the  regression  models, 

ZINBRof  Post  deployment  CAPS 

In  accordance  with  the  analyses  described  above,  our  ZINBR 
model  (described  in  the  Methods  section)  of  CAPS2  com¬ 
prised  plasma  CRP  concentration,  CAPSo,  cohort  assign¬ 
ment  and  CES  and  PBE  scores.  C-reaciive  protein  was  a  highly 
significant  overall  predictor  of  CAPS2  in  this  model  (P  =  .002 


by  likelihood  ratio  test),  as  was  each  of  the  other  predictors 
(Table  2),  C-reactive  protein  was  also  a  highly  significant  pre¬ 
dictor  in  tli e  analogous  linear  regression  model  with  the  same 
covariates  (P  -  .002);  however,  ZINBR  is  significantly  supe¬ 
rior  to  linear  regression  when  modeling  the  outcome  ore  APS 
(Supplement  [eMethods]).  We  assessed  all  2- way  interactions 
with  CRP;  none  was  statistically  significant.  Based  on  analy¬ 
sis  of  the  scores  on  CAPS  subscales,  the  greatest  effect  of  CRP 
appeared  to  be  in  the  domain  of  hyperarousal  (subscale  D  of 
CAPS;  overall  P  <  .001),  wiih  less  of  an  effect  on  numbing  (sub¬ 
scale  CM;  P  =  .03),  and  even  lesser  effects  on  reexperiencing 
(subscale  B;  P  =  .  28)  and  avoidance  (subscale  CA;  P  -  .57), 

In  the  zero  component  of  the  ZINBR  model,  CRP  was  a  posi¬ 
tive  predictor  of  CAPS2:  each  l-U  increment  in  IogKI  plasma  CRP 
concentration  (ieT  each  10-fold  increase  in  CRP  concentra¬ 
tion)  was  associated  with  a  fold  change  in  the  approximate  odds 
of  obtaining  a  CAPS2  score  greater  than  zero  (le,  odds  ratio  [OR] 
of  nonzero  CAPS2)  of  1.51  (95%  Cl,  1,15-1.97;  P  -  ,003)  (Tables). 
Stated  in  the  context  of  the  range  of  CRP  concentrations  in  our 
study  population,  a  i-SD  increase  in  logKI  CRP  (corresponding 
to  a  3. 57-fGld  increase  in  CRP  concentration)  was  associated 
with  an  OR  of  1.25  (t. OS-1,45)  (Figure  IA),  By  comparison,  l  -SD 
increases  in  CAPSo,  CES,  and  PBE  were  associated  with  ORs 
of  4-15  (95%  Cl,  3*06-5-63;  P  <  ,001),  1.39(1.06-1.83;  P  =  .019), 
and  1.43  <1.13-1.80;  P  =  .003),  respectively.  Consistent  with  the 
findings  obtained  with  CRP  treated  as  a  continuous  predic¬ 
tor,  categorization  of  CRP  revealed  a  trend  toward  a  greater  OR 
of  nonzero  outcome  with  increasing  CRP  category  (although 
there  was,  as  expected,  a  loss  of  statistical  power)  (Figure  tB). 

Likewise,  CRP  was  a  positive  predictor  of  CAP52  scores  in 
the  count  component  of  the  ZINBR  model  (which  predicts 
approximately  the  extent  of  the  outcome  when  it  is  nonzero, 
as  described  in  the  Supplement  [eMethods]):  each  10- Fold 
increase  in  CRP  concentration  was  associated  with  a  1.06-fold 
increase  in  CAPS2,  However,  this  effect  was  statistically  sig¬ 
nificant  only  at  the  trend  level  (95%  CL  0-991,14;  P  =  ,09 
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Figure  L  Effects  of  Baseline  Plasma  t-Roactivc  Protein  (CRP) 
Concentration  and  Other  Predictors  on  Postdeployment 
Postt  rau  mat  ic  Stress  Disorder(PTSD)  Symptoms 
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Table  3,  Binomial  Logistic  Regression  of  Postdeptoyment  (Visit  2) 
PTSO  Diagnosis  in  1719  Participants 


Variable 

OR  (95X  CIF* * 

P  Value 

Intercept11 

0.01  (0.004-0.02) 

*.001 

Cohort  1 

1.00  (0.41-2.45) 

>,99 

Cohort  2 

1.13  (0.54-2.37) 

,75 

Cohort  3 

0.31  (0.45-1.46) 

,48 

Cohort  4 

0‘ 

CAPSO  score 

1.06  (1.04-1.07) 

*001 

CES  score 

1.03  (1.01-1.06) 

*01 

PSE  store 

1.06  (0.99-1.14) 

.08 

Log CRP 

1.50  (1.02-2.22) 

.04 

Abbreviations:  CAPSO,  Qrnida ^Administered  Postt rauma tic  Stress  Disorder 
(PTSD)  Scale  score  at  visit  0  (baseline);  CES,  Combat  Exposure  Scale; 

CRR  baseline  plasma  C- reactive  protein;  OR,  odds  ratio;  PBE,  Post- battle 
Experiences. 

a  Odds  ratio  of  PTSD  {computed  by  exponent  rating  the  corresponding 
coefficient  in  the  regression  model  and  adjusted  for  the  variables  listed  in  the 
table). 

b  Value  for  intercept  indicates  the  odds  of  PTSD  at  baseline  (cohort  equals  4  and 
all  other  variables  have  zero  values). 
c  This  variable  was  set  to  zero  because  it  Is  redundant. 


[2- tailed])  (Table  2),  Accounting  For  the  ranges  in  values  of  the 
predictors,  a  i-SD  increase  in  !oglCI  CRP  was  associated  with 
l.O>fold  change  (95%  Cl,  1.00-1,07)  in  CAPS2;  I-SD  increases 
in  CAP50*  CES,  and  PBE  were  associated  with  fold  changes  of 
1-36  (1.31-1.42;  P  <  *0 Of),  Ui  (1.05-1.13;  P  =  -001),  and  1,20 
(1.13-1.28;  P  <  .001),  respectively  (Figure  IB). 


m 


CRPConrentrahon,  mg/l 


A,  Adjusted  odds  ratios  (AORs)  of  a  nonzero  Clinician- Administered  FTSD  Scale 
score  at  visit  2  (CAPS2)  associated  with  l-SD  increases  in  the  indicated  variables* 

B,  Adjusted  fold  changes  in  CAP52  associated  with  LSD  increases  in  the 
indicated  variables.  Data  in  A  and  B  are  from  the  zerorirtflated  negative 
binomial  regression  (ZlNBR)  model  summarized  in  Table  2.  C  The  AORs 
of  nonzero  CAPS2  by  baseline  plasma  CRP  concentration  Category 
(reference  category.  ^L  to  convert  to  nanomoles  per  liter,  multiply  by  9,524), 
as  determined  by  ZlNBR  and  adjusted  for  the  same  covariates  as  the  model  in 
Table  1.  CAPSO  indicates  Clinician  Administered  PTSD  Scale  at  visit  0  (baseline); 
CES,  Combat  Exposure  Scale;  and  PBE,  Posi- battle  Experiences,  Error  bars 
delineate  95%  CIs;  the  y-axes  use  a  log  scale.  All  R  values  are  7-iailed. 

*P<  DDL 
tiP<,  05, 

CP<.01. 
dR<  10- 


Logistic  Regression  of  Postdeployment  PTSD 
In  addition  to  analysis  of  the  continuous  outcome  of  CAF52, 
we  performed  logistic  regression  of  the  categorical  outcome 
of  PTSD  (DSMIV-R  definition  31)  at  visit  2  using  the  same  co¬ 
variates  as  in  the  ZlNBR  model  C* reactive  protein  was  a  sig¬ 
nificant  predictor  in  this  analysis  as  well ,  albeit  not  to  as  gTeat 
a  degree  as  in  the  ZlNBR  model:  each  10-fold  increment  in  CRP 
concentration  was  associated  with  a  PTSD  OR  of  1.50  (95%  Cl 
1.02-2.22;  P  =  .04)  (Table  31  Taking  into  account  the  ranges  of 
predictor  values,  a  i-SD  increase  in  logltt  CRP  was  associated 
with  a  FTSD  OR  of  1.25;  by  comparison,  i-SD  increases  in  CAPSo, 
CES,  and  PEE  were  associated  with  ORs  of  2.30,  M3*  and  1.35, 
respectively  (Figure  2A  l  Conversely,  adjusted  baseline  CRP  val¬ 
ues  for  participants  with  and  without  PTSD  at  visit  2  were  1,00 
and  0*76  mg/L  (to  convert  to  nanomoles  per  liter,  multiply  by 
9.524),  respectively  (adjusted  for  the  same  covariates  as  the 
logistic  regression  model)  (Figure  2B).  C-reactive  protein  was 
similarly  a  significant  predictor  in  ordinal  logistic  regression 
of  the  diagnostic  categories  of  PTSD,  partial  PTSD, 33 or  nei¬ 
ther  (P  =  .03)  (Supplement  LeResults,  eTable,  and  eFigureJ). 

We  also  performed  subgroup  analyses  excluding  partici¬ 
pants  at  various  thresholds  of  the  model  variables:  plasma  CRP, 
baseline  CAPS,  CES*  and  PBE.  C- reactive  protein  effects  in  these 
subsets  were  generally  similar  to  those  obtained  when  con¬ 
sidering  all  participants,  indicating  that  the  effects  are  not  sub¬ 
stantially  influenced  by  individuals  at  the  extremes  of  plasma 
CRP*  baseline  PTSD  symptoms*  or  combat  exposure  (data  not 
shown)*  Moreover,  CRP  was  not  significantly  associated  with 
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Figure  2.  Effects  of  Baseline  Plasma  C* Reactive  Protein  (CRP)  Concentration  and  Other  Predictors  on  Postdeploy ment  Posttraumatic  Stress  Disorder 
(PTSD)  Diagnosis 


0  0 


A.  Adjusted  odds  ratios  (AORs)  of  posttraumatic  stress  disorder  (PTSD)  at  visit  2 
associated  with  1-SD  increases  in  the  indicated  variables.  Data  are  from  the 
binomial  logistic  regression  model  summarized  in  Table  3,  The  y-axis  uses  a  fog 
scale.  B.  Baseline  plasma  CRP  concentration  of  participants  without  or  with 
PT50  at  visit  2.  adjusted  for  the  same  tovanates  as  the  logistic  regression  model 
in  Table  3,  CAPSO  indicates  Clinician -Ad  ministered  PTSD  Scale  at  Visit  0 


(baseline)]  CES,  Combat  Exposure  Scale-  PBE,  Post-battle  Experiences  Error 
bars  delineate  95%  CIs.  All  P  values  are  2-tailed 
*P<  GOT 
^*,05, 
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baseline  CAPS  or  PTSD  diagnosis  (P  -  ,52  and  .22,  respec¬ 
tively),  indicating  that  CRP  is  not  a  mediator  or  proxy  for  the 
effects  of  one  of  these  other  predictors  on  CAP52. 


Discussion 

We  report  a  significant  effect  of  baseline  CRP  on  postdeploy¬ 
ment  PTSD  symptom  emergence  in  Marine  and  Navy  combat¬ 
ants,  suggesting  that  higher  levels  of  this  inflammatory  marker 
may  be  prospectively  associated  with  risk  for  PTSD.  C- 
reactive  protein  predominantly  influenced  the  likelihood  of 
participants  demonstrating  the  presence  vs  absence  of  PTSD 
symptoms  rather  than  the  extent  of  symptoms  when  present 
(as  indicated  by  its  greater  statistical  significance  in  the  zero 
model  of  the  ZINBR  vs  the  count  and  logistic  regression  mod¬ 
els)  and  had  a  greater  effect  on  the  hyperarousal  and  numb¬ 
ing  symptom  clusters  than  on  the  other  dusters.  Conceiv¬ 
ably,  high  CRP  levels  mark  a  state  of  vul  nerability  to  developing 
these  symptoms  of  PTSD,  and  the  influences  of  other  factors 
prevail  in  determining  the  severity  of  symptoms  once  they  are 
manifested. 

It  is  sometimes  postulated715'27  that  the  observed  asso¬ 
ciation  between  PTSD  and  peripheral  inflammation  is  due  to 
the  former  disorder  predisposing  to  the  latter,  plausibly  due 
to  PTSD-induced  dysregulation  of  the  stress  axis  resulting  in 
disinhibitlon  of  proinflam  mat  ory  pathways.  Our  data  raise  the 
converse  possibility- dial  individuals  with  lesser  inflamma¬ 
tion  may  be  relatively  resilient  and  those  with  greatei  inflam¬ 
mation  relatively  vulnerable  to  developing  PTSD  symptoms. 
This  supposition  is  also  supported  by  the  recent  finding  that 
the  risk  for  PTSD  following  medical  ill  ness  during  military  de¬ 
ployment  is  comparable  to  that  following  physical  injury. 43,54 
However,  the  possibility  that  higher  CRP  levels  at  baseline  re¬ 
sulted  from  preceding  trauma  cannot  be  excluded. 


The  underlying  mechanism  may  involve  the  actions  of  in¬ 
flammatory  cytokines,  which,  in  addition  to  their  well- 
characterized  adverse  effects  on  metabolic  and  therefore  car¬ 
diovascular  health,12'14  have  adverse  effects  on  mental 
health.54'57  In  particular,  depression  has  long  been  known  to 
be  associated  with  increased  peripheral  inflammation,3*4*"50 
with  some  studies37  78  suggesting  that  baseline  inflammation 
may  predict  subsequent  depression,  and  inflammatory  cyto¬ 
kines  are  known  to  elicit  symptoms  of  depression,^'63  as  dis¬ 
cussed  in  reviews.* Furthermore;,  peripheral  inflamma¬ 
tion  has  been  associated*1* with  impairments  in  memory  and 
executive  function.  Notably,  inflammatory  cytokines  have  been 
demonstrated  to  significantly  suppress  hippocampal  neuro¬ 
genesis  in  animals70  and  have  been  associated  with  low  hip¬ 
pocampal  volume  in  humans,  1  a  neuroanatomical  trait  that 
might  mark  vulnerability  to  PTSD— in  studies  ofidentical  twins 
discordant  for  combat  trauma  exposure,  twin  pairs  in  which 
the  combat-exposed  member  developed  PTSD  had  smaller  hip¬ 
pocampi  than  the  other  twin  pairs. 72,73 

Nevertheless,  the  causal  relationships  between  psychiat¬ 
ric  disorders  and  inflammation  are  likely  to  be  complex.  For 
instance,  in  one  recent  large,  prospective,  population-based 
study,  cumulative  episodes  of  depression  predicted  subse¬ 
quent  CRP  levels74  (although  this  effect  was  attenuated  after 
controlling  for  body  mass  index  and  smoking,  suggesting  that 
it  might  be  attributable  in  part  to  depress! on- related  lifestyle 
changes  rather  than  directly  to  the  neurophysiological  char¬ 
acteristics  of  depression).  Moreover,  with  respect  to  PTSD, 
much  work  in  animal  models'75"77  supports  the  conclusion  that 
chronic  stress  induces  immunologic  changes  that  culminate 
in  a  proin  flammatory  phenotype.  Thus,  inflammation  may  both 
contribute  to  PTSD  and  be  a  consequence  of  the  stressors  that 
led  to  the  disorder. 

Strengths  of  our  study  include  its  size,  prospective 
design,  and  adjustment  for  multiple  potential  confcunders. 
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Moreover,  owing  to  the  youth  of  the  study  participants  {mean 
age,  22.78  years)  and  their  relative  physical  fitness  (given  the 
requirements  for  combat  deployment),  it  is  unlikely  that 
chronic  physical  illness  confounded  the  observed  effects  of 
baseline  CRP  on  post  deployment  PTSD  symptoms.  However, 
cpi tain  limitations  merit  discussion.  The  relative  fitness  of 
our  cohort  also  limits  the  gen  era  liability  of  our  findings,  as 
does  the  absence  of  women.  In  addition,  whereas  CRP  con^ 
centrations  fluctuate  substantially  in  response  to  transient 
inflammatory  states  (eg,  minor  infections73),  values  in  our 
participants  were  determined  only  once  and  thus  may  be 
relatively  “noisy."  Moreover,  use  of  anti 'inflammatory  medi¬ 
cations,  which  might  also  have  contributed  to  variability  in 
CRP  levels,  was  not  ascertained  in  our  study*  However,  such 
variability  would  generally  be  expected  to  bias  toward  the 
null  hypothesis. 

Finally,  with  regard  to  missing  data,  27*2%  of  the  partici¬ 
pants  did  not  have  determination  of  CAPS2  scores.  However, 
CRP  values  did  not  differ  significantly  between  individuals 
for  whom  CAPS2  scores  were  present  vs  absent;  conversely, 
CAP32  scores  were  not  significantly  different  when  compar¬ 
ing  participants  for  whom  CRP  values  were  present  vs  absent 
(not  shown).  Moreover,  we  found  the  effect  size  of  CRP  on 


CAPS2  or  PTSD  diagnosis  (the  CRP-associated  OR  or  fold 
change)  to  be  generally  similar  across  subsets  of  participants 
having  markedly  different  mean  values  for  the  various  covar¬ 
iates  in  our  regression  models  (data  not  shown).  This  sug¬ 
gests  that  even  if  Lhe  individuals  with  missing  data  were  con¬ 
siderably  different  from  the  other  participants  with  regard  to 
CES,  PBE,  or  baseline  CAPS  scores,  the  CRP  effect  sizes  that 
would  have  been  obtained  had  the  data  not  been  missing  are 
likely  to  be  similar  to  those  that  were  in  fact  observed.  Taken 
together,  these  results  suggest  that  missing  data  might  not 
have  appreciably  biased  our  findings  concerning  CRP  effects 
on  PTSD  symptoms. 


Conclusions 

Our  results,  if  validated  by  future  studies,  could  have  impor¬ 
tant  clinical  implications.  If  peripheral  inflammation  contrib¬ 
utes  to  the  development  of  PTSD,  interventions  to  decrease  in¬ 
flammation.  such  as  dietary  or  lifestyle  modifications,79'^ 
might  ameliorate  the  severity  of  this  disorder.  At  minimum, 
our  findings  are  consistent  with  the  adage  mens  sana  in  cor- 
poresanoi  a  healthy  mind  in  a  healthy  body. 
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Susceptibility  to  PTSD  is  determined  by  both  genes  and  envi¬ 
ronment*  Similarly,  gene-expression  levels  in  peripheral  blood 
are  influenced  by  both  genes  and  environment*  and  expression 
levels  of  many  genes  show  good  correspondence  between  pe¬ 
ripheral  blood  and  brain*  Therefore,  our  objectives  were  to  test 
the  following  hypotheses:  (1)  pre-trauma  expression  levels  of  a 
gene  subset  (particularly  immune-system  genes)  in  peripheral 
blood  would  differ  between  trauma- exposed  Marines  who  later 
developed  PTSD  and  those  who  did  not;  (2)  a  predictive  bio- 
marker  panel  of  the  eventual  emergence  of  PTSD  among  high- 
risk  individuals  could  be  developed  based  on  gene  expression  in 
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readily  assessable  peripheral  blood  cells;  and  (3)  a  predictive 
pane)  based  on  expression  of  individual  exons  would  surpass 
the  accuracy  of  a  model  based  on  expression  of  full-length  gene 
transcripts.  Gene-expression  levels  were  assayed  in  peripheral 
blood  samples  from  50  U.S,  Marines  (25  eventual  PTSD  cases  and 
25  non-PTSD  comparison  subjects)  prior  to  their  deployment 
overseas  to  war- zones  in  Iraq  or  Afghanistan.  The  panel  of 
biomarkers  dysregulated  in  peripheral  blood  cells  of  eventual 
PTSD  cases  prior  to  deployment  was  significantly  enriched  for 
immune  genes,  achieved  70%  prediction  accuracy  in  an  inde¬ 
pendent  sample  based  on  the  expression  of  23  full-length  tran¬ 
scripts,  and  attained  80%  accuracy  in  an  independent  sample 
based  on  the  expression  of  one  exon  from  each  of  live  genes. 
If  the  observed  profiles  of  pre-deployment  mRNA-expression  in 
eventual  PTSD  cases  can  be  further  refined  and  replicated,  they 
could  suggest  avenues  for  early  intervention  and  prevention 
among  individuals  at  high  risk  for  trauma  exposure.  Hi  1 3  Witcv 
Periodicals,  Inc. 

Key  words:  alternative  splicing;  tnRNA;  peripheral  blood 
mononuclear  cells;  transcriptome;  trauma 

'INTRODUCTION 

Previous  research  on  post-traumatic  stress  disorder  (PTSD)  has 
identified  numerous  factors  that  pul  individuals  at  greater  risk  of 
developing  the  disorder,  spell  as  family  history,  childhood  or  early 
adulthood  experiences,  personality  and  cognitive  traits,  and  pre¬ 
existing  men  Lai  disorders  \  Koenen  et  a!.,  2005;  Kremen  cl  al.,  2007]; 
however,  no  easily  assessed  biological  markers  of  PTSD  have  yet 
been  validated.  The  biological  factors  associated  with  the  risk  for 
(and  resilience  to)  PTSD  are  also  poorly  understood.  Although 
susceptibility  to  PTSD  appears  to  be  moderately  heritable,  non- 
genetic  factors  (most  prominently  the  type  and  extent  of  the 
precipitating  trauma,  and  social  support)  and  gene-environment 
interactions  likely  also  contribute  to  each  individual1  s  overall 
susceptibility  to  the  disorder  ]True  et  al.,  1993;  Stein  et  ah,  2002; 
Kremen  et  al.,  201 2J. 

Given  the  less-than-absolute  heri lability  of  PTSD,  pursuit  of 
genetic  markers  alone  (e.g.,  single  nucleotide  polymorphisms 
and  copy-number  variations)  will  leave  much  of  the  variance 
in  vulnerability  unexplained  [Yehuda  et  al,  201 1;  Mehta  and 
Binder,  201 2] ,  Gene  expression  (i.e.,  mRNA)  levels,  which  poten¬ 
tially  reflect  the  effects  of  both  heredity  and  environment,  may  be 
better  indicators  of  the  aberrant  biology  underlying  PTSD,  as  well  as 
its  premorbid  risk  state.  PTSD  clearly  is  a  brain  disorder,  but 
assaying  gene-expression  Icvels—either  acutely  or  longitudinally- — 
in  the  brains  of  living  human  subjects  at  risk  for  PTSD  is  impossible. 
Yet,  as  demonstrated  by  Sullivan  et  al.  (2006]  and,  more  recently, 
Rollins  et  ah  [2010]  and  Kohaneand  Valtchinov  [2012),  peripheral 
blood  expression  levels  of  many  genes  are  moderately  correlated 
with  the  expression  levels  of  those  genes  in  other  tissues,  including 
postmortem  brain,  suggesting  the  possibility  that  peripheral  blood 
gene  expression  can  be  harnessed  to  construct  useful  profiles  of 
brain  disorders  [Woelk  et  ah,  2011  ].  Indeed,  we  and  others  have 
capitalized  on  this  proxy  phenomenon  to  identify  promising 


peripheral  blood- based  biomarkers  for  a  number  of  n  euro  psychi¬ 
atric  disorders,  including  schizophrenia,  bipolar  disorder,  and 
autism  spectrum  disorders  jGlatt  et  ah,  2005,  2009,  2011a,b, 
2012;  Tsuang  el  ah,  2005;  Lee  et  ah,  2012]. 

In  the  context  of  PTSD,  several  prior  studies  identified  differ¬ 
ences  in  peripheral  blood  gene-expression  levels  between  individ¬ 
uals  with  PTSD  and  similarly  exposed  comparison  subjects  w  ithout 
PTSD,  First,  Segman  et  al.  [2005]  described  a  longitudinal  analysis 
of  gene  expression  in  peripheral  blood  mononuclear  cells  (PBMCs) 
from  trauma  survivors  at  the  emergency  room  immediately  after 
their  trauma  and  again  4  mont  hs  later  when  a  diagnosis  of  PTSD 
could  be  definitively  established.  Predictably,  this  study  found  that 
the  expression  of  many  genes  previously  implicated  in  mediating 
the  stress  response  {e.g.»  genes  associated  with  hypothalamic— 
pituitary-adrenal  [HP A]  axis  function)  were  significantly  dysregu¬ 
lated  in  subjects  vrith  PTSD  relative  to  those  who  fully  recovered 
from  their  trauma.  These  changes  in  gene  expression  also  showed  a 
linear  relationship  with  the  severity  of  three  different  clusters  of 
PTSD  symptoms.  In  addition  to  changes  in  stress -response  genes, 
the  PBMCs  from  subjects  with  full  persistent  PTSD  were  marked  by 
significant  down-regulation  of  transcriptional  activators,  suggest¬ 
ing  that  subjects  with  PTSD  may  experience  a  global  deficiency  in 
the  production  of  mRNAs  (and,  thus,  proteins)  of  key  genes  at 
critical  times.  Subsequently,  Zicker  et  al.  (2007]  replicated  dysre- 
gulation  of  stress- response  genes  in  whole  blood  from  a  sample  of 
subjects  with  long-persistent  PTSD  resulting  from  the  same  envi¬ 
ronmental  trigger  (the  Ramstein  air  show  catastrophe,  1989).  In 
addition,  Zieker  el  al.,  extended  earlier  work  by  demonstrating 
changes!  n  se v  era  I  i  m  m  u  lie-  re  1  at  ed  gen  es  a  mo  ng  P  TS  D  s  u  ffe  rers ,  l  n 
2009,  Yehuda  et  al.  [2009]  i  den  h  tied  a  profile  of  dysregulated  genes 
in  peripheral  blood  of  survivors  of  the  World  Trade  Center  attacks 
that  also  was  enriched  with  genes  involved  in  1 1  PA  axis  and  immune 
cell  functions.  Most  recently,  Neylan  et  al.  [201 1|  found  global 
down-regulation  of  genes  in  CD  14  f-  monocytes  from  male  PTSD 
sufferers,  but  some  evidence  of  increased  activation  of  immune* 
system  genes  in  female  PTSD  patients. 

Consolidating  this  evidence  with  the  results  from  epidemiologic, 
genomic,  and  neurobiological  studies  of  the  disorder  [e.g.,  Uddin 
et  al.,  2010  j  led  us  to  recently  propose  a  theory  of  PTSD  predicated 
on  dysregutation  of  immune  and  inflammatory  processes  in  gen¬ 
eral,  and  cellular  immunity  tn  particular  |  Baker  et  al.,  2012b]. 
However,  it  was  not  dear  from  any  of  this  work  whether  dysregu- 
lation  of  these  processes  occurs  only  in  response  to  trauma  exposure 
or  if,  in  fact,  gene-expression  abnormalities  in  peripheral  blood  of 
individuals  exist  ilpre- trauma”  ami  signal  a  heightened  susceptibility 
to  developing  the  disorder  once  trauma  is  experienced.  Recent  work 
by  van  Zuiden  et  al.  [2012]  supports  the  assertion  that  pre-trauma 
disturbances  in  peripheral  blood  gene  expression  (at  least  in  the 
realm  of  glucocorticoid  signaling  and  regulation  of  cell-mediated 
immune  and  inflammatory  processes)  may  predict  post-trauma 
onset  of  PTSD  and  depressive  symptoms. 

We  virtually  never  know  about  exposure  to  a  traumatic  event  in 
advance,  so  the  next  best  alternative  in  the  pursuit  of  PTSD 
biomarkers  has  historically  been  studies  of  people  who  have  re¬ 
cently  experienced  a  trauma.  But  the  critical  limitation  in  such 
studies  is  that  it  is  not  possible  to  differentiate  pre-existing  risk 
factors  from  the  consequences  of  trauma  exposure  or  of  develop- 
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mcnt  of  PTSD.  In  the  context  of  this  prior  work,  we  report  here  the 
results  of  transcr  i  p  tome-  wide  expression- pro  filing  of  peripheral 
blood  samples  from  individuals  at  uniquely  elevated  risk  of  trauma 
exposure  and  development  of  PTSD:  participants  in  the  Marine 
Resiliency  Study  (MRS)  prior  to  their  deployment  lo  active  war  zones 
in  Iraq  or  Afghanistan*  who  were  then  followed  longitudinally 
[Baker  et  aL  2012a].  The  objectives  of  this  pilot  study  were  to 
evaluate  the  following  hypotheses;  ( 1 )  pre-trauma  expression  levels 
of  some  genes  (particularly  immune-system  genes)  in  peripheral 
blood  cells  would  differ  between  trauma- exposed  Marines  who 
later  went  on  to  develop  PTSD  and  those  who  did  not;  (2)  a  readily 
assessable,  predictive  biomarker  panel  of  the  eventual  emergence  of 
PTSD  among  high-risk  individuals  could  be  developed  based  on 
gene  expression  levels  in  peripheral  blood  cells;  and  (3)  a  predictive 
panel  based  on  the  expression  of  individual  exons  would  surpass  the 
accuracy  of  a  model  based  on  the  expression  of  full- length  tran¬ 
scripts  of  genes.  We  interpret  the  results  of  these  analyses  in  two 
contexts:  (1)  as  a  means  of  identifying  biological  functions,  pro¬ 
cesses,  pathways,  and  protein  domains  whose  genomic  deregula¬ 
tion  may  indica te  or  influence  suscept i hility  l n  the  disorder;  and  ( 2 ) 
the  construction  of  predictive  or  prognostic  classifiers  ilia!  might 
ultimately  find  use  in  assessing  individual  risk  for  PTSD  and 
implementing  preventive  strategies  in  such  populations* 

METHODS 

Ascertainment  and  Clinical  Characterization  of 
Subjects 

The  MRS  is  a  prospective  cohort  study  effectors  predictive  of  PTSD 
among  approximately  2,600  Marines  in  four  battalions  deployed 
to  Iraq  or  Afghanistan,  The  research  Learn  conducted  structured 
clinical  interviews  on  Marine  bases  and  collected  blood  samples 


and  data  at  four  time  points:  pre-deployment,  and  ^  I  -week, 
^3-months,  and  months  after  returning  from  deployment 
(ie.,  post-deployment).  Measures  collected,  including  those  used 
tn  this  study,  have  been  described  in  detail  previously  |  Baker 
et  ah,  20 1 2a | . 

The  principal  exclusion  criteria  for  both  affected  cases  and 
unaffected  comparison  subjects  for  the  present  analyses  were:  (i ) 
a  pre-deployment  PTSD  Checklist  (PCL)  score  >44;  and/or  (2)  a 
p  re  -  d  ep  1  o ym e  n  t  d  i  agn  os  i  s  o  f  PI 'S  D  based  o  n  t  h  e  Cl  i  n  ic  tan  -  Ad  m  i  n  - 
istered  PTSD  Scale  (CAPS).  In  other  words,  no  included  subjects 
met  eit her  cl  i  ntcian  -  or  sel  f-  rated  I  hresh  olds  for  a  d  iagnosis  of  PTSD 
at  pre-deployment.  Cases  were  identified  as  those  subjects  who  were 
issued  a  CAPS- based  PTSD  diagnosis  at  and/or  — 6-months 
post- deployment.  Unaffected  comparison  subjects  were  identified 
as  those  subjects  who,  at  no  time,  attained  a  PCL  score  >44  and  who 
were  not  issued  a  CAPS -based  PTSD  diagnosis  at  any  post-deploy¬ 
ment  i  nterview*  Among  subjects  who  were  included  in  the  full  MRS 
sample  and  assigned  Lo  case  or  comparison  groups  based  on  these 
criteria,  we  then  selected  for  analysis  25  male  PTSD  cases  and  25 
male  comparison  subjects  based  on  similar  demographics,  pre- 
deployment  clinical  characteristics,  deployment  history,  and  levels 
of  ex p os u  re  lo  p u  t a t i v e  L ra  u m as  as  deter m  i  n ed  fro m  t h e  Com b at 
and  Post- Rattle  Experiences  subseales  of  the  Deployment  Risk  and 
Resilience  Inventory  (DRR1).  After  performing  quality- control 
checks  on  the  microarray  data  (described  below),  two  subjects 
(one  case  and  one  comparison  subject)  were  removed  from  analy¬ 
ses.  The  demographic,  clinical,  and  combat-experiential  character¬ 
istics  of  the  remaining  24  case  and  24  comparison  subjects  are 
shown  in  Table  L  The  two  groups  were  comparable  on  all  demo¬ 
graphic  and  combat -experiential  variables.  Within  both  the  case 
and  comparison  groups,  50%  of  the  subjects  had  been  deployed 
previously  on  at  least  one  occasion,  and  while  some  subjects  m  each 
group  had  been  previously  deployed  multiple  times  (up  to  three 


TABLE  L  Demographic,  Clinical,  and  Experiential  Characteristics  of  Eventual  PTSD  Cases  and  Non-PTSD  Comparison  Subjects 


Eventual  PTSD  cases 

Comparison  subjects 

P-value 

Sample  size:  n 

24 

24 

Age: 

213  db  3*2 

21.5  ±  3.2 

0.653 

Previously  deployed:  n  [%) 

12  [50.0) 

12  [50.0] 

1,000 

Ancestry:  Caucasian  n  [%] 

Cohort  n  (%] 

17  [70.8] 

IS  [25.0] 

0.853 

1 

2  [8.3] 

5  [20.8] 

0,471 

2 

8  [33.3] 

2  [29.2] 

3 

14  [58.3| 

12  [50.0] 

□RRI  combat  experiences 

18,9  ±  13,1 

20.2  ±  14.9 

0754 

DRRI  Post-battle  experiences 

7.3  ±  4.6 

8.2  ±  4.0 

0781 

CAPS  pre-deployment 

22.6  ±  12.0 

15.4  ±  9.2 

0.02? 

CAPS  3-months  post-deployment 

67.2  ±  21.8 

40.0  ±  29.4 

0.013 

PCL  Pre- Deploy  meat 

24,6  ±  6.4 

23.2  ±  3.4 

0.346 

PCL  1-Week  Post-Deployment 

427  ±  17.6 

23.0  ±  4.9 

<0.001 

PCL  3-months  post-deployment 

49*3  ±  12.5 

21.2  ±  ±  4.6 

<0.001 

PCL  6-months  post-deployment 

40.6  ±  13,8 

20.1  ±  2.6 

<0.001 

tores:  [1]  Demographic  characteristics  of  each  sample  are  reported  as  mean  +  SO  unless  otherwise  noted  [2]  Sample  means  and  proportions  were  compared  using  independent  samples  r-iesls 
and  chi-square  tests,  respectively. 
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times),  there  was  no  difference  between  the  two  groups  in  the 
proportion  of  multiply  deployed  individuals  or  in  the  average 
number  of  deployments.  Although  no  subject  met  diagnostic 
threshold  for  PTSD  at  pre-deployment  as  determined  by  either 
clinician  ratings  on  the  CAPS  or  self-ratings  on  the  PCL,  the 
eventual  PTSD  cases  did  have  significantly  higher  clinician  ratings 
on  the  CAPS  at  pre- deployment,  whereas  no  significant  difference 
in  pre-deployment  self- ratings  on  the  PCL  were  observed.  As 
expected^  the  eventual  PTSD  cases  also  had  significantly  higher 
clinician-  and  self-rated  symptoms  of  PTSD  at  all  post-deployment 
evaluations. 

mRNA  Sample  Acquisition,  Stabilization, 

Isolation,  and  Storage 

Close  collaboration  with  the  Marine  Corps  and  the  Navy,  which 
provides  health  support  for  the  Marine  Corps,  enabled  compre¬ 
hensive  on-site  data  collection.  The  clinical  Interview  and  sample 
blood  draw  ( 10  ml)  were  both  collected  within  4  hr  of  each  other  cm 
the  same  day.  Each  blood  sample  was  collected  into  an  EDTA- 
coated  collection  tube  and  immediately  transferred  to  an  RNase- 
free  laboratory,  where  all  subsequent  procedures  took  place.  The 
blood  sample  was  passed  over  a  LeukoLOCK  filter,  which  was 
fin  shed  with  PBS  and  then  fully  saturated  with  RNAlater  [Gonzales 
el  aL,  2005]*  Each  LeukoLOCK  filter,  containing  bound,  isolated, 
stabilized,  and  purified  white  blood  cells,  was  sealed  and  stored  in  a 
sterile  box  at  -2<YC*  Once  mRNA  samples  were  acquired  from  all 
subjects,  the  entire  batch  of  samples  was  processed  to  isolate  mRNA. 
Eluted  mRNA  samples  were  stored  at  — 80“C  until  transferred  to  the 
SUNY  MicroArray  Core  (SUNYMAC,  Syracuse,  NY)  Facility  at 
SUNY  Upstate  Medical  University  for  quality  assurance  and  micro- 
array  hybridization,  LeukoLOCK  filters,  RNAlater,  and  TRI  reagent 
were  obtained  from  Applied  Biosystems,  Inc.  (Foster  City,  CA), 
while  all  other  reagents  and  supplies  were  obtained  from  VWR 
I  n tern  a  t  io  n  al ,  LLC  ( Wes  t  Ch  est  e  r ,  PA)  uni  ess  olh  erwl  se  sped  fi  cd* 

mRNA  Quantitation,  Quality  Control,  and 
Hybridization 

The  concentration  of  mRNA  in  each  DNA-free  sample  was  quan¬ 
tified  by  the  absorption  of  ultraviolet  fight  at  two  wavelengths  (260 
and  280  nm),  which  was  measured  on  a  Nano  Drop  ND-1000 
spectrophotometer  (Thermo  Fisher  Scientific;  Wilmington,  DE). 
The  quantity  of  mRNA  in  each  of  the  50  samples  far  exceeded  the 
minimally  sufficient  amount  required  for  microarray  hybridiza¬ 
tion.  The  purity  of  each  mRNA  sample  was  estimated  by  the 
260:280  nm  absorbance  ratio,  with  an  acceptable  range  designated 
a  priori  as  1 .7-2*1* The  quality  of  each  mRNA  sample  was  quantified 
by  the  RNA  Integrity  Number  (R IN)  [Schroederet ah, 2006],  which 
was  determined  on  an  RNA  6000  Labchip  Kit  on  an  Agilent  2100 
Bioanalyzer  (Agilent  Technologies,  Inc*,  Santa  Clara,  CA)*  Accord¬ 
ing  to  convention  [Schroeder  et  al.,  2006 ],  a  RJN  of  6.0  or  greater 
was  deemed  to  be  Indicative  of  acceptable  quality,  and  no  samples 
were  removed  based  on  this  criterion*  Two  batches  of  25  samples 
each  (balanced  with  PTSD  cases  and  controls)  were  then  assayed 
on  GeneChip  Human  Exon  1.0  ST  Arrays  (Asymetrix,  Inc*,  Santa 


Clara,  CA)  per  the  “Whole  Transcript  Sense  Target  Libeling  Assay1' 
protocol  | Asymetrix,  2006]  using  1  pig  of  total  RNA  from  each 
sample. 

Microarray  Data  Import,  Normalization, 
Transformation,  Summarization* 
and  Quality  Control 

Partek  Genomics  Suite  software,  version  6.6  ©  2012  {Partek 
Incorporated,  St.  Louis,  MO),  was  utilized  for  all  analytic  proce¬ 
dures  performed  on  microarray  scan  data*  Interrogating  probes 
were  imported,  and  corrections  for  background  signal  were  applied 
using  i he  robust  multi-array  average  (RMA)  method  [Irizarry 
et  al*,  2005],  with  additional  corrections  applied  for  theGC-contenl 
of  probes.  The  set  of  GeneChips  was  standardized  using  quantile 
normalization  and  expression  levels  of  each  probe  underwent  Jog-2 
transformation  to  yield  distributions  of  data  that  more  closely 
approximated  normality.  As  most  genes  were  measured  by  multiple 
probe  sets  (typically  one  probe  set  per  exon,  but  sometimes  more), 
summarization  of  probes  took  place  at  rwo  levels:  first,  probes 
tagging  the  same  exon  were  summarized  by  median  polish  lo  arrive 
at  one  expression  value  per  exon;  second,  exons  lagging  the  same 
gene  were  summarized  by  median  polish  to  arrive  at  one  expression 
value  per  gene.  AJj  probesets  were  expressed  with  a  signal :noise  ratio 
>3;  thus,  no  probesets  were  excluded  from  analyses  of  differential 
expression.  A  total  of  257. 106  probesets  were  analyzed,  mapping  to 
20,224  whole  transcripts  and  209,826  exons. 

Un supervised  clustering  of  subjects  revealed  no  evidence  of 
batch  effects  based  on  scan  date.  Principal  components  analysis 
(PGA)  of  the  50  p  re-  deployment  data  points  identified  two  outliers 
(one  case  and  one  comparison  subject)  whose  component  values 
were  beyond  four  standard  deviations  (SD)  in  each  of  the  first  three 
dimensions  of  the  PCA  plot,  suggesting  that  the  fundamental  gene- 
expression  pattern  measured  in  these  subjects  (as  evidenced  by 
correlations  among  expression  levels  of  probes)  was  inconsistent 
with  that  of  the  majority  of  other  subjects.  Both  outlier  samples 
exhibited  high  levels  of  average  deviation  among  redundant  probes 
located  w  i  thin  a  given  ch  i  p ,  as  well  as  high  levels  of  average  deviation 
in  comparison  with  the  median  expression  levels  across  all  chips, 
suggesting  either  physical  defects  or  hybridization  problems  with 
these  chips*  Removal  of  these  two  samples  resulted  in  all  48 
remaining  subjects'  data  being  well  within  the  four-SD  ellipsoid 
on  each  of  Lhe  firsL  three  PCA  dimensions. 

Microarray  Data  Analyses 

We  performed  four  independent  sets  of  analyses  on  lhe  microarray 
data,  as  described  below. 

Identification  of  differentially  expressed  genes  and  their  asso¬ 
ciated  biological  terms *  We  utilized  analyses  of  covariance 
(ANCOVAs)  to  determine  which  full-length  genetic  transcripts 
were  d  i fife  re  n  t  i  ally  ex  pres  sed  a  t  p  re  -  d  e  pi  oy  m  e  n  1 1  n  p  e  ri  p  hera l  bl  oo  d 
cells  between  PTSD  cases  and  comparison  subjects.  We  performed 
ANCOVAs  of  each  gene’s  expression  level  as  a  function  of 
PTSD  status  (case  or  control),  deployment  cohort  (three  levels 
corresponding  lo  three  platoons  deployed  at  different  times),  age 
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(continuously  measured  In  years} ,  ancestry  { dichotomized  as  Cau¬ 
casian  or  not,  as  most  subjects  were  Caucasian),  and  prior  deploy¬ 
ment  status  (first  or  subsequent  deployment).  Prior  deployment 
accounted  for  less  global  variation  in  the  expression  dataset  than  did 
error,  and  prior  deployment  rates  did  not  differ  significantly 
between  cases  and  comparison  subjects,  so  it  was  removed  from 
the  model  and  subsequent  analyses  to  preserve  degrees  of  freedom* 
To  generate  a  relatively  large  candidate-gene  list  for  functional 
profiling  and  construction  of  classifiers,  vve  set  the  uncorrected 
type-I-crror  rate  for  diagnosis  in  these  analyses  at  0*01.  We  then 
reduced  the  dimensionality  of  the  resulting  list  of  candidate  bio¬ 
markers  through  analysis  of  annotation-enrichment  using  the 
DAVID  algorithm  [Dennis  et  ah,  2003]  to  determine  if  the  gene 
list  disproportionately  represented  any  biological  “terms*”  Specifi¬ 
cally,  vve  evaluated  whether  the  list  was  enriched  with  genes  that 
aggregated  in  the  same  functional  categories,  represented  similar 
ontologies,  participated  in  the  same  biological  pathways,  or  exhib¬ 
ited  common  protein  do  mains. The  evaluated  terms  included:  (l) 
ontologies  from  Gene  Ontology  Consortium  (GQC)  [Ashburner 
et  aL,  2000)  and  Clusters  of Orthologcms  Groups  (COG)  [Tatusov 
et  al.t  2000 1 ;  (2)  keywords  from  the  Protein  Information  Resource 
(HR)  [Wu  et  aJ.,  2003);  (3)  features  from  the  Universal  Protein 
Resource  (UniProt)  |  Apweiler  et  ah,  2004);  (4)  biological  pathways 
from  RioCarni  and  the  Kyoto  Encyclopedia  of  Genes  and  Genomes 
{ KEGG)  |  Kanehisa  and  Goto,  2000);  and  (5)  protein  domains  from 
PI R,  the  Integrative  Protein  Signature  database  (InterPro)  [Hunter 
et  a)*,  2009],  the  Simple  Modular  Architecture  Research  'lool 
(SMART)  1  Schultz  et  ah,  1998|,  and  the  University  of  California 
at  Santa  CruzT$  Transcription  Factor  Binding  Site  (TFBS)  database. 
Bo nferroni- correct! on  was  applied  to  the  P- values  obtained  in  the 
enrichment  analyses  of  these  annotation  terms,  and  we  only  con¬ 
sidered  significant  those  tests  that  exceeded  a  threshold  of 
P  =  (0.05/the  number  of  terms  evaluated  in  a  particular  category)* 
Discovery'  and  replication  of  gene-based  diagnostic  predic¬ 
tors .  We  utilized  a  machine- learning  technique  (support  vector 
machine,  SVM)  to  construct,  evaluate,  optimize,  and  cross- validate 
classification  algorithms  predicting  eventual  PTSD  status  based  on 
gene- expression  levels  at  pre-deployment  for  a  subset  of  our  full 
sample.  To  accomplish  this,  we  generated  a  large  list  of  differentially 
expressed  candidate  genes  (nominal  P  <  0.01 )  in  a  subset  of  the 
sample  ( 19  cases  and  1 9  comparison  subjects)  using  AN  CO  V  A  and 
the  same  panel  of  factors  and  covariates  described  above.  The 
probes  on  this  list  were  then  supplied  as  potential  predictors  in 
an  SVM,  as  various  model  parameters  and  predictor  combinations 
were  evaluated  to  identify  the  model  with  the  highest  accuracy  in 
identifying  cases  and  comparison  subjects  based  solely  on  the 
expression  levels  of  a  minimal  gene  set  identified  by  shrinking 
centroids  al  ter  two- level  nested  (ke.,  two -level)  10- fold  cross- 
validation*  The  top-performing  model  was  then  deployed  on  a 
fully  independent  test  sample  (five  cases  and  five  comparison 
subjects)  to  determine  its  genenalizability  in  accurately  predicting 
case  status  based  on  gene-expression  levels  (the  10  subjects  used  for 
model  validation  were  not  significantly  different  from  those  in  the 
training  set  in  terms  of  demographic,  gene -express  ion  QC,  experi¬ 
ential,  or  clinical  factors;  data  not  shown). 

Identification  of  differentially  expressed  exons  and  their  asso¬ 
ciated  biological  terms.  We  examined  exon-expression  levels 


utilizing  AN  CO  V  As  to  identify  putative  alternative  splicing  differ¬ 
ences  between  individuals  who  would  go  on  to  develop  PTSD  and 
those  who  would  not.  The  same  factors  evaluated  in  gene-based 
analyses  (PTSD  status,  cohort, age,  and  ancestry)  were  assessed  for 
their  main  effects  and  their  interaction  with  exon  I  Das  predictors  of 
exon -expression  levels,  c*f.  [Gian  et  aU  2009];  however*  due  to  the 
stronger  effects  of  diagnosis  on  exon-specific  expression  observed 
relative  to  the  earlier  gene-based  analyses,  we  restricted  the  candi¬ 
date-gene  list  to  transcripts  with  P  <r  0*000]  for  the  interaction  of 
diagnosis  and  exon  ID*  This  yielded  a  gene  list  still  sufficiently  large 
for  the  construction  of  classifiers  (see  below)  and  enrichment 
analyses,  which  we  again  performed  using  the  DAVID  algorithm. 
Enrichments  were  evaluated  against  a  Bo  nferroni -cor  reeled 
P- value  accounting  for  the  number  of  terms  evaluated. 

Discovery  and  replication  of  exon-based  diagnostic  predic¬ 
tors .  As  outlined  above  for  full-length  transcripts  under  Methods 
Section,  we  used  SVM s  to  construct,  evaluate,  optimize,  and  cross  ~ 
validate  classification  algorithms  predicting  eventual  PTSD  status 
based  on  exon -expression  levels  at  pre-deployment  for  the  same 
subset  of  our  full  sample.  We  first  generated  a  large  candidate  list  of 
putatively  alternatively  spliced  genes  (nominal  P  <  0*0001  for  ihe 
interaction  of  PTSD  status  and  exon  IE))  in  a  subset  of  the  sample 
(19  cases  and  19  comparison  subjects)  using  ANCOVA  and  the 
same  panel  of  factors,  covariates,  and  interaction  terms  described 
above*  For  each  gene  on  the  list,  the  most  significantly  deregulated 
exon  was  identified  and  supplied  as  a  potential  predictor  in  the  SVM 
classifiers.  Various  model  parameters  and  predictor  combinations 
Lhen  were  evaluated  to  identify  the  model  with  the  highest  accuracy 
in  identifying  cases  and  comparison  subjects  based  solely  un  the 
expression  levels  of  a  minimal  exon  set  identified  by  shrinking 
centroids  after  two-level  nested  10-fold  cross-validation.  The  lop¬ 
performing  model  was  lhen  deployed  on  the  fully  independent  test 
sample  (five  cases  and  five  comparison  subjects)  to  determine 
its  general izability  in  accurately  predicting  case  status  based  on 
exon -express  io  n  levels. 

RESULTS 

Identification  of  Differentially  Expressed  Genes 
and  Their  Associated  Biological  Terms 

No  gene's  expression  level  was  related  to  future  PTSD  status  at  a 
Bonferroni -corrected  level  of  significance,  which  is  not  surprising 
given  the  relatively  small  sample  size  and  large  number  of  tran¬ 
scripts  tested.  We  did,  however,  identify  67  probes  dysregulated 
with  a  nominally  significant  P  <  0.01  in  Marines  who  were  later 
diagnosed  with  PTSD  (Table  ID*  Thirty-nine  of  these  67  probes 
were  down-regulated,  whereas  28  were  up-regulated.  While  the 
direction  of  (his  pattern  is  consistent  with  prior  work  identifying 
transcriptional  down -regulation  in  PTSD  [Segman  et  aL,  2005; 
Neylan  et  ah,  2011  ],  the  ratio  of  down -regulated  to  up-regulated 
probes  wfas  not  significantly  different  from  chance  expectation 
(one-tailed  sign-test,  P  =  0.U  )*  Log  2  fold-change  (EC)  of  these 
probes  in  eventual  PTSD  cases  ranged  from  1.8- fold  down- 
regulation  to  2,1  -fold  up-regulation.  Annotations  significantly 
enriched  in  the  list  of  59  genes  lagged  by  Lhe  67  dysregulated 
probes — alter  Bo  nferroni  correction  for  the  number  of  terms 
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TABLE  11,  Genes  Significantly  Deregulated  [P  O.Ol]  in  Peripheral  B Imd  Mononuclear  Cells  from  the  Full  Sample  of  Eventual  PTSD 

Cases  at  Pre-Deployment  and  Used  in  Predictive  SVM  Classifiers 


Diagnostic  group  main  effect 


Transcript 
duster  ID 

Gene  symbol 

Gene  product 

Fold-change 
in  cases 

F 

P-value 

8040080 

RSAD2 

Radical  Sadenosyl  methionine  domain  containing  2 

2,14 

8.9 

4.6E-Q3 

790254! 

IFI44L 

Interferon-Induced  protein  44-like 

L77 

7,8 

7.9E— 03 

7958895 

0AS3 

Z^S'-oIigoadenylaie  synthetase  3,  100  kDa 

1,72 

7.5 

8.8E-03 

797129G 

EPSTI1 

Epithelial  stromal  interaction  1  [breast] 

1,68 

11.7 

1.4E-03 

8050102 

CMPK2 

Cytidine  monophosphate  [UMP-CMP]  kinase  2, 

1.54 

9.2 

4.1E-03 

BQ71155 

US  PI  8 

mitochondrial 

Ubiquitin  specific  peptidase  18 

1.49 

7.4 

9.5E-03 

7921434 

AIM 2 

Absent  in  melanoma  2 

1.46 

B.8 

4.9E— 03 

8046124 

DHRS9 

Dehydrogenase 

2'P5'-oligoadeny1ate  synthetase  1,  40 

1,44 

8.9 

4.7E-03 

7958884 

QASl 

1,39 

10, G 

2.2E-03 

7958913 

0A52 

2'p5'-oligoadeny!ate  synthetase  2,  69 

138 

8.5 

5.7E-G3 

8004184 

XAF1 

XIAP  associated  factor  1 

1.29 

8.7 

5.2E-03 

7926443 

imp 

Interferon,  alpha-inducible  protein  27 

1.26 

11.6 

1.4E-03 

2953924 

CLEC9A 

C4ype  lectin  domain  family  9,  member  A 

1.22 

7,4 

9.5E-G3 

8121532 

WISP3 

WNTl  inducible  signaling  pathway  protein  3 

1.22 

8.6 

5.3E  -03 

8107094 

ENS  T000009  42824 

Cdna:pseudogene  chromosome; 

1.20 

7.9 

7.5E-03 

8043375 

JRNK 

GRCh3?;5:97549 106:97549825: 

Mrtochondrially  encoded  tRNA  lysine 

1.19 

7,4 

9.3E-03 

8060294 

PDCD1 

Programmed  cell  death  1 

1.18 

8,2 

6.5E-03 

8122234 

DST 

Dystonin 

1.15 

90 

4.4E-03 

8018315 

SUMQ2 

5MT3  suppressor  of  mif  two  3  homolog  2 

1.14 

9.9 

2.9E-03 

8060997 

SPTLC3 

[S.  cerevisiae] 

Serine  palmitoyltransferase,  long  chain  base  subunit  3 

1,13 

8.0 

7.2E-03 

8118345 

CFB 

Complement  factor  B 

1.12 

8.1 

G.8E  -03 

8162884 

At  DOB 

Aldolase  B,  fructose-bisphosphate 

1.11 

10,5 

2.3E-03 

806184? 

CBOorfPQ 

Chromosome  20  open  reading  frame  20 

1.11 

8,5 

5.6E-Q3 

8178115 

CFB 

Complement  factor  B 

1.11 

9.9 

3.DE-03 

79G338G 

KRJB2 

Keratin  82 

L10 

9.2 

4.1E-D3 

7990391 

CYP1A1 

Cytochrome  P450,  family  I,  subfamily  Ap  polypeptide  1 

1,09 

10,0 

2.9E-D3 

8069503 

LQC44195G 

Similar  to  cQNA  sequence  BCQ21523 

1.09 

19.0 

8.0E-0S 

8139721 

ENST0DDD046P919 

ncrna  pseudogenemtiRNA  pseudogene  chromosome: 

1.07 

7,5 

9.0E-Q3 

7993146 

FNST000004P5032 

GRCh37:7:557 13765:5571 3874 
ncrna  pseudogenescRNA  pseudogene  chromosome: 

-1.05 

8.2 

6.4E-03 

8027824 

MAG 

GRCh3  7: 16:8  777 11 2:8  7  7  7408 

Myelin  associated  glycoprotein 

-1.08 

7.6 

8.5E-03 

8142685 

TMEM229A 

Transmembrane  protein  229A 

-1.08 

8.8 

4.9E-03 

8065252 

ENSTQ00Q0432334 

cdna:known  chromosome: 

-1,08 

8,6 

5.4E— 03 

8030002 

INF  114 

GRCh3?:20:19738352;19?80320 

Zinc  finger  protein  114 

-1.09 

9.6 

3,4E— 03 

8118455 

C4A 

Complement  component  4A  (Rodgers  blood  group] 

-1,09 

9.1 

4.3E-03 

7945498 

SCT 

Secretin 

-1.09 

11.6 

1.4E-03 

8179399 

C4A 

Complement  component  4A  [Rodgers  blood  group) 

-1,09 

?,? 

8.3E-03 

8100523 

SPINKP 

Serine  peptidase  inhibitor,  Kazal  type  2  (acrosin- 

-1.10 

8.4 

5.8E-03 

8152812 

FAM84B 

trypsin  inhibitor] 

Family  with  sequence  similarity  84,  member  8 

-1.10 

10.3 

2.6E-03 

8024816 

FSD1 

Fibronectln  type  III  and  SPRY  domain  containing  1 

-1.11 

9.3 

4.0E-03 

8137962 

LOCI OOl 29484 

Hypothetical  LOCI 00 12 9484 

-1.11 

9.2 

4. IE— 03 

8060339 

NRSN2 

Neurensin  2 

-1.12 

9.6 

3.5E-Q3 

2320264 

SIOOAS 

S100  calcium  binding  protein  AS 

-1.13 

7.9 

7JE-03 

8018646 

FOXJ1 

Forkhead  box  J1 

-1.14 

10.5 

2.3E-03 

0051061 

UCN 

Urocortin 

-1.14 

9,4 

3,8E— 03 

8129095 

ENST00000435100 

Cdna:pseudogene  chromosome: 

-1.15 

7.6 

8.7E-03 

8122699 

RPS18P9 

GRCh37:6: 11 6579656:1 16580278 

Ribosomal  protein  $18  pseudogene  9 

-1.15 

8,9 

4,6E- 03 

GLATT  ET  AL. 
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TABLE  IE.  [Continued] 


Diagnostic  group  main  effect 


Transcript 
cluster  ID 

Gene  symbol 

Gene  product 

Fold-change 
in  cases 

F 

P*  value 

8012891 

ENSJ0000B4 12454 

tdna;pseudogene  chromosome: 

-1,15 

8,4 

5.8E-03 

8021368 

TMEM191A 

GRCh37;  17:14608393: 14608851 

Transmembrane  protein  191A 

-1.15 

8,9 

4.7E-Q3 

8122526 

RPL39 

Ribosomal  protein  L39 

—1.15 

8.0 

7.ZE— 03 

7985192 

AGPHD1 

Aminoglycoside  phosphotransferase  domain  contain- 

-1.16 

7,6 

82E-03 

8072584 

ENST00000423G1 

ing  1 

Cdna:p$eudogene  chromosome: 

—1.16 

9.4 

3.7E-03 

7992628 

LOGS 522 26 

GRCh37;22;324354??;32435883 

Hypothetical  L0C652276 

-1.16 

7.4 

9.SE-03 

8118974 

RPilOA 

Ribosomal  protein  LlOa 

-117 

9.3 

3.9E-03 

8147112 

CA13 

Carbonic  anhydrase  XIII 

-117 

8.1 

G.7E-D3 

8063410 

PAR  05  B 

par-6  partitioning  defective  6  homolog  beta 

-117 

8,5 

5.5E-03 

8148923 

LRRC14 

(C.  elegansj 

Leucine  rich  repeat  containing  14 

-1.18 

7.8 

7.8E-G3 

2953032 

LRTM2 

Leucine-rich  repeats  and  transmcmbranc  domains  2 

-1.19 

7.5 

9.0E— 03 

8D7526G 

5LC25A12 

Sofute  carrier  family  25  (mitochondrial  carrier;  perox¬ 

—119 

8.3 

6.1E-03 

7982271 

G0LGA81P 

isomal  membrane  protein,  34  kQa),  member  17 

Golgin  AS  family,  member  1  [pseudogene] 

-120 

8,6 

5.5E-03 

7991242 

MPG 

AAmethylpurine-DNA  gtycosylase 

-120 

32 

4. IE  — 03 

2905691 

RP522 

Ribosomal  protein  527 

-120 

7.7 

8.0E-03 

7950753 

CC0C90B 

Coiled-coil  domain  containing  9QB 

-124 

102 

2.6E-03 

8103622 

CBR4 

Carbonyl  reductase  4 

-127 

8,1 

6.6E-03 

8102520 

TNFAJP8 

Tumor  necrosis  factor,  alpha-induced  protein  8 

-130 

8.1 

6.7E-03 

2909601 

SNQRA16B 

Small  nucleolar  RNA.  H 

-132 

8.0 

7.0E— 03 

8154962 

DNAJ85 

DnaJ  [Hsp40]  homolog,  subfamily  0,  member  5 

-135 

10.4 

2.4E“03 

7903765 

GSTM1 

Glutathione  Stransferase  mu  1 

-183 

10.2 

2.7E-03 

'Rows  ore  sorted  by  decreasing  fold -change  in  evenluaJ  PTSD  cases  relative  to  norvRSP  companson  subjects. 


evaluated— included  most  prominently  immune- related  processes 
and  protein  domains  involved  in  the  response  to  viral  infection 
(Table  111),  most  of  which  were  up-regulated  in  future  PTSD  cases. 
Exploratory  pathway  analysis  of  the  differentially  expressed  genes  in 
Table  El  using  the  React ome  database  [Matthews  el  al.,  2009] 
revealed  that  a  subset  of  genes  involved  in  type-1  interferon 
signaling  represented  the  only  significantly  enriched  pathway  with¬ 
in  our  dataset-  Six  of  the  59  genes  were  differentially  expressed 
( \ri27,  OAST  OAS2 ■  OAS3 ,  XAFL  and  USPIS ),  with  all  probes  up- 
regulated  in  future  PTSD  cases. 

Discovery  and  Replication  of  a  Gene-Based 
Diagnostic  Predictor 

To  construct  a  gene-based  classifier  and  assess  its  gencralizability, 
we  first  derived  a  list  of  potential  classifier  transcripts  as  those 
probes  with  a  difference  in  expression  between  PTSD  case  and 
comparison  subjects  attaining  P  <  0.01  in  the  training  sample  of  19 
cases  and  19  comparison  subjects  while  controlling  for  the  same 
factors  and  covariates  as  in  analysis  I .  This  analysis  and  filtering  left 
6 1  probes  (Table  IV)  that  were  then  used  to  build  and  optimize  SVM 
classifiers.  The  optimal  SVM  (identified  through  two-level  nested 
10-fold  cross-validation  with  shrinking  centroids,  cost  =  401, 


tolerance  =  0.001,  kernel  —  radial  basis  function*  and  gamma 
-  0,001 )  comprised  23  of  the  61  starting  probes  (Table  IV*  probes 
in  bold  font)  and  attained  85%  accuracy  in  classifying  those 
individuals  in  the  training  sample  who  would  or  would  not  go 
on  to  develop  PTSD.  We  then  tested  the  identical  23 -gene  SVM 
(with  the  same  parameters,  but  with  no  shrinkage  or  cross-valida¬ 
tion)  in  the  remaining  independent  test  cohort  (five  cases  and  five 
comparison  subjects),  where  it  yielded  a  diminished  but  still 
reasonable  70%  accuracy.  Among  cases*  three  of  five  were  correctly 
classified,  while  four  of  five  comparison  subjects  were  classified 
correctly.  These  values  correspond  to  a  sensitivity*  specificity, 
positive  predictive  value,  and  negative  predictive  value  in  the 
test  sample  of 60%,  80%,  75%,  and  67%,  respectively. 

Identification  of  Differentially  Expressed  Exons 
and  Their  Associated  Biological  Terms 

The  interaction  of  diagnosis  and  exon  ID  identified  putative 
iso  form- expression  differences  (P  <  0.0001)  in  13  genes*  seven 
of  which  attained  Ron  ferroni -corrected  significance  (Tabic  V),  An 
exam  pic  of  between -group  differences  in  exon  expression  for  one  of 
these  five  genes  (SW420HJ)  is  illustrated  in  Figure  1,  where  the 
future  PTSD  cases  have  significantly  lower  levels  of  expression  of  a 
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TABLE  III.  Annotations  Enriched  at  BonferronLCorrected  Significant  Levels  Among  Genes  Bysregulated  fP  0.01)  In  Peripheral  Biood 
Mononuclear  Cells  From  the  Full  Sample  of  Eventual  PTSD  Cases  at  Pre-Deployment 


Category 

Term 

Count  (%) 

GOTERM  BP  FAT 

GQ:OOOG95S  ~  immune  response 

10  (2.2) 

INTERPRO 

lPR00Sil7:2^5'-o[igoadenylate 
synthetase*  conserved  site 

3  (0.2) 

INTERPRO 

1PR0189522'P5'-oligoadenylate 
synthetase  1,  domain  2/C -terminal 
lPR0Q61i6;2'P5'-o!igoadeny!ate 

3  (0.2) 

INTERPRO 

3  (0.2) 

synthetase,  ubiquitin-like  region 

*Raws  art  soned  by  increasing  f^alue  for  the  enrichmem  of  anrtoialicms 


Fold 

Bonferroni 

Dysregulated  genes 
(direction  of  dysregulation 

enrichment 

Revalue 

corrected  P 

in  eventual  PTSD  cases) 

5.G 

3.7E-05 

l.BE-02 

0451(0,  0AS2[\], 

2??.? 

4.1E-05 

5.7E-03 

AIMPtf),  PDCD1[\ ] 
0453(7),  04501 1.  OAS2[\) 

2??? 

4.1E—G5 

52E-03 

0453(0,  0451(0.  0453(0 

222,1 

G.8E-Q5 

9*5E— 03 

0453(0,  045J(fj,  0453[|) 

TABLE  IV.  Genes  Significantly  Dysregulated  [F  <  0.01)  in  Peripheral  Blood  Mononuclear  Cells  From  a  Subset  of  Eventual  RT5D 

Cases  at  Pre-Deployment  and  Used  in  Predictive  SVM  Classifiers 


Diagnostic  group  main  effect 


Transcript  Gene  Fold-change 


cluster  IDa 

symbol 

Gene  product 

in  cases 

F 

P-value 

904008D 

RSAD2 

Radical  5-adenosyt  methionine  domain  containing  2 

2.33 

9.3 

4.GE— 03 

7958695 

0AS3 

2'P5'-aligoadenylate  synthetase  3,  100  kDa 

2,01 

11.0 

2.3E-Q3 

7902541 

IF144L 

Interferon-induced  protein  44-like 

1,99 

11.0 

2,3E— 03 

8084716 

SIGLEC1 

Sialic  acid  binding  Ig  like  lectin  1,  sialcadhesin 

1.48 

10.4 

2.9E-03 

7958913 

0AS2 

2/P5^-0ligoadenylate  synthetase  2,  69 

1,45 

8,0 

8.2E-03 

8165682 

TRNS2 

Mitochondrially  encoded  tRNA  serine  2 

1.38 

82 

7.5E-03 

810212? 

TACR3 

Tachykinin  receptor  3 

1.35 

7.6 

9.GE-03 

7971191 

SUGT1P3 

Suppressor  of  G2  allele  of  SKP1  (S.  cercvisiae] 
pseudogene  3 

1.27 

8.4 

6, PE— 03 

8043375 

TRW 

Mitochondrially  encoded  tRNA  lysine 

1.25 

8.4 

6.8E-03 

8185684 

F RNL2 

Mitochondrially  encoded  tRNAIeucine  2 

1.25 

8.6 

6.2E-03 

816568? 

TRNK 

Mitochondrially  encoded  tRNA  lysine 

1.25 

8.1 

7.5E-Q3 

7896752 

TRNK 

Mitochondrially  encoded  tRNA  lysine 

125 

8.1 

7.5E-03 

8055594 

ENSEMBL 

nerna  pseudogeneiMt  tRNA  pseudogene  chromosome: 
GRCh37:2:l 

123 

82 

7.3E-03 

7903203 

SNX? 

sorting  nexin  ? 

121 

9.4 

4.4E-03 

7930561 

E NSTQ00QQ4 87144 

nerna  pseudogene;rRNA  pseudogene  chromosome: 
GRCh3?l  1:132 

1.16 

102 

2.4E  03 

8087433 

NfCNl 

Nicolin  1 

1.16 

7,9 

8.3E-D3 

8060997 

SPTLC3 

Serine  palmitoyltransferase,  long  chain  base  subunit  3 

1.15 

9.0 

5. IE— 03 

8031680 

ENST00000492903 

nerna  pseudogene:Mt  tRNA  pseudogene  chromosome: 
GRCh3?:19: 

1.13 

8.3 

7. IE— 03 

795369? 

GENSCAN00D0QQ2QBB2 

cdna:Genscan  chromosome: 

GRCh37: 12:8090472:8 168935:1 

1.0? 

8,1 

7.5E-03 

8141423 

MIR1QSB 

microRNA  106b 

—1.05 

9.3 

4.5E-03 

8091099 

ENSJQQQQQ45Q4B5 

cdna:known  chromosome: 

GRCh3  7: 3: 14 158  3  849: 141 504121;-!  gen 

-1.06 

82 

G.0E-03 

8146643 

MiR  124- 2 

microRNA  124-2 

—  1.07 

8,3 

7.0E-03 

8027824 

MAG 

Myelin  associated  glycoprotein 

—1*08 

82 

7.3E-03 

7911941 

ENDS 

Chromodomain  helicase  DNA  binding  protein  5 

—1.08 

8.3 

6.9E-D3 

?955211 

DNAJC22 

DnaJ  (Hsp40j  homolog,  subfamily  CP 
member  22 

—  1.08 

9.4 

4.4E-03 

GLATT  ET  AL. 
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TABLE  IV.  [Continued] 


Diagnostic  group  main  effect 


Transcript 
cluster  ID3 

Gene 

symbol 

CYPD1 

Gene  product 

Fold-change 
in  cases 

F 

fWafue 

8055314 

LY6 

-1.09 

2,6 

9.2E-03 

8065252 

BC 004 382 

Homo  sapiens ;  done  IMAGE:364G982,  mRNA, 

-1.10 

2.7 

9.0E-03 

8100523 

SPINK2 

partial  cds 

Serine  peptidase  inhibitor,  Kazal  type  2 

-1,10 

112 

2TE-03 

8030002 

ZNF114 

( a crosi  mt ry p si  n  inhibi 

Zinc  finger  protein  114 

-1.11 

15.2 

16E-G4 

8060339 

NRSN2 

Neurensin  2 

-1*11 

13.1 

9.9E-04 

8152812 

FAM84B 

Family  with  sequence  similarity  84,  member  B 

-111 

2.9 

8JE-G3 

8112022 

CCNQ 

Cyclin  0 

—  1*11 

7? 

9JE-G3 

2945498 

SCI 

Secretin 

-112 

14.8 

5JE-04 

8126450 

RPL24 

Ribosomal  protein  L24 

“LI  3 

7.5 

9.8E-03 

8084428 

FAMI31A 

Family  with  sequence  similarity  131,  member  A 

-1.13 

8.1 

7.2E-03 

8042532 

VAX2 

Ventral  anterior  homeobox  2 

—1,13 

12.5 

2. IE— 04 

8151281 

TRAM! 

Translocation  associated  membrane  protein  1 

—1*13 

8.4 

6.2E-03 

8019682 

ANARCH 

Anaphase  promoting  complex  subunit  11 

-114 

9.4 

4+4E— 03 

8024869 

RTDR1 

Rhabdoid  tumor  deletion  region  gene  1 

-114 

8,1 

?*8E-03 

2928102 

H2AFY2 

H2A  histone  family,  member  Y2 

-114 

8.0 

7.9E-03 

8024816 

FSD1 

Fibronectin  type  III  and  SPRY  domain  containing  1 

-1.15 

12,2 

1.4E-03 

8038048 

CCDC114 

Coiled  coil  domain  containing  114 

-1*15 

9,3 

4.5E-03 

8084982 

LOCI 5221 2 

Hypothetical  L0C152212 

-115 

2.6 

97E-03 

8127526 

RRL39 

Ribosomal  protein  L39 

-11? 

8.8 

5, BE— 03 

8154563 

ACER2 

Alkaline  ceramidase  2 

-118 

9,9 

3*5E— 03 

2985192 

AG PHD 1 

Aminoglycoside  phosphotransferase  domain 

-118 

2,9 

8.5E-03 

8128090 

C6orf48 

containing  1 

Chromosome  6  open  reading  frame  48 

-118 

2,9 

8.5E-03 

8129326 

CGorf48 

Chromosome  8  open  reading  frame  48 

-118 

2*9 

8.5E-03 

8018646 

F0XJ1 

Forkhead  box  J1 

-118 

9,8 

3.2E-03 

8022584 

ENST0Q000423G10 

cdna;pseudogene  chromosome; 

-119 

8,2 

5+9E— 03 

8022120 

RPL6 

GRCh32:22;3243542?;32435883;l 

Ribosomal  protein  LG 

-1,20 

9,0 

52E-03 

2932984 

C1D 

C1D  nuclear  receptor  corepressor 

—121 

8,9 

5.4E-03 

8085852 

NGLYl 

Afglycanase  1 

-122 

9.3 

LGE-03 

8160308 

RPS6 

Ribosomal  protean  S6 

-122 

9*8 

3.2E-03 

8038993 

ZNF28 

Zinc  finger  protein  28 

—  125 

8,4 

6.8E-03 

8102520 

TNFAIPS 

Tumor  necrosis  factor,  alpha  induced  protein  8 

-129 

2*9 

8.5E-03 

2911353 

N0C2L 

Nucleolar  complex  associated  2  homolog 

-129 

2*8 

8.9E-03 

8119357 

DMM2 

[S,  cerevisiae) 

Dishevelled  associated  activator  of  morphogenesis  2 

-1,30 

9.8 

3.2E-03 

8090256 

5NX4 

Sorting  nexin  4 

-13? 

8,8 

5,6E— 03 

8155359 

CNJNAP3 

Contaetin  associated  protein-like  3 

-1,42 

?.? 

9, IE— 03 

2903265 

GSTM1 

Glutathione  5-transferase  mu  1 

-1,95 

9.2 

4.8E-03 

‘Rows  are  sorierj  tjy  deceasing  ftrtd-change  in  eventual  FTSO  cases  relative  to  non-PTSO  comparison  subjects. 

aTran5Cfrpts  in  bold  compeised  the  optimal  23-probe  $VM  classifier  of  evening  PT5D  siaius  identified  by  training  and  testing  in  independent  samples. 


single  probe  in  the  3'  (left)  end  of  l be  gene  suggesting  lower 
expression  of  the  b  isoform  (one  of  the  gene’s  12  known  iso  forms) 
among  future  PT5D  cases.  The  list  of  13  genes  was  analyzed  by  the 
DAVID  algorithm*  bat  no  annotations  were  found  to  be  signifi¬ 
cantly  enriched  after  Bonferroni  correction  for  the  number  of  terms 
evaluated;  this  is  not  surprising  based  on  the  small  size  of  this  gene 
list,  which  did  not  afford  much  opportunity  for  enrichment  to  be 
detected. 


Discovery  and  Replication  of  an  Exon-Based 
Diagnostic  Predictor 

To  construct  an  exon-based  classifier  and  assess  its  general izabiiity 
we  first  identified  potentially  differentially  spliced  exons  withi  n  our 
training  sample  of  1 9  cases  and  19  comparison  subjects  based  on  the 
diagnosis  x  exon  ID  interaction  term*  using  a  nominal  threshold 
of  P  <  0*00 0 1 ,  wh i  1  e  c o nt  roll  i  Bg  to r  l  he  s  a  m  e  fa  ct  o  rs  a  n  d  co va  ria  tes 


TABLE  V.  Ex*m*t  Sfgrttfl&ttrtJif  Unregulated  in  Peripheral  Plood  Celts  From  the  full  Sample  of  Eventual  PTSO  Cases 

Pre-DepfoijmeM  amd  Used  in  Predictive  SVM  Classifiers 
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'Rows  ate  s&rted  by  increasing  lvalue  for  1  he  inter  action  of  diagnosis  and  e*on  ID. 

’’Exon  protresets  in  bold  were  the  most  Significantly  diFferenTially  expressed  [per  gene]  between  diagnostic  groups,  and  were  u$ed  in  SVM  classification  analyses. 
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FIG*  1.  Mtcroarray-derived  expression  levels  [ordinate]  of  individual  exon*probes  [abscissa]  of  suppressor  of  variegation  4-20  homolog  I  of 
Drosophila  [SUV4208I]  in  peripheral  blood  mononuclear  cells  from  eventual  PTSO  cases  (n  -  24;  squares]  and  comparison  subjects  [n  24; 
triangles],  The  interaction  of  diagnosis  and  exon  ID  was  highly  significant  [p  i.?E-  OB.  Bonferroni-corrected  p  —  3.4E  04]  owing  to  the 
selective  down-regulation  of  an  extended  exon  [probesei  ID  2949933]  in  the  3'  end  of  isoform  b  [*p  0,005]  in  eventual  PT50  cases  which 

occurs  in  the  context  of  comparable  expression  levels  of  all  other  exons  and  isoform  between  groups. 


as  in  the  analyses  above.  For  genes  displaying  more  ihan  one 
dys regulated  probe  between  diagnostic  groups,  we  selected  the 
probe  with  the  most  -significant  between- group  difference  in  ex¬ 
pression  level  based  on  the  P- values  from  planned  comparisons. 
This  analysis  and  Altering  yielded  1 1  exons  with  expression  differ¬ 
ences  between  PTSD  cases  and  comparison  subjects  (Table  VI )  that 
were  then  used  in  build  and  optimize  SVM  classifiers.  The  optimal 
SVM  (identified  through  two- level  nested  10-fold  cross-validation 
with  shrinking  centroids,  cost  —  201,  tolerance  —  0.001,  kernel  - 
radial  basis  function,  and  gamma  0.000 I )  comprised  five  of  the 


!  1  starting  probes  (Table  VI,  probes  in  bold  font)  and  attained  84% 
accuracy  in  classifying  ihose  individuals  in  the  training  sample  who 
would  or  would  not  go  on  to  develop  PTSD.  We  then  tested  the 
identical  five-gene  SVM  (with  the  same  parameters,  but  with  no 
shrinkage  or  cross-validation)  in  the  remaining  independent  test 
cohort  (n  =  10;  five  cases  and  five  comparison  subjects),  where  it 
yidded  a  diminished  but  reasonable  80%  accuracy  (higher  than  the 
accuracy  observed  in  gene-based  analyses).  Among  PTSD  cases, 
three  of  five  were  correctly  classified  while  all  five  comparison 
subjects  were  classified  correctly*  These  values  correspond  to 


TABLE  VI.  Exons  Significantly  Dysregufated  in  Peripheral  Blood  Mononudear  Cells  From  a  Subset  of  Eventual  PTSO  Cases  at 

Pre-Deployment  and  Used  in  Predictive  SVM  Classifiers 


Transcript 

Gene 

Interaction 

Fold* 

cluster  ID* 

symbol 

Gene  product 

P 

Exon  ID 

change 

F 

P*va!ue 

8040080 

RSADB 

Radical  Sadenosy!  methionine  domain  containing  2 

1.3E-0? 

8040085 

2.46 

10.42 

2,9E-03 

8133788 

PTPN12 

Protein  tyrosine  phosphatase,  non-receptor  type  12 

1.8E— 05 

8133802 

2-23 

7,64 

9.4E-D3 

813666c? 

MGAM 

Maitase-giucoamytase  (alpha-glucosidase) 

47E-G6 

8136700 

2,20 

3,36 

7.6E-02 

8064716 

SIGLEC1 

Siatic  acid  binding  Ig-like  lectin  1,  sialoadhesin 

5.9E-06 

8064717 

1.80 

15.42 

4.3E-04 

7958895 

QAS3 

^^S^ollgoadenylate  synthetase  3 

2.7E-OS 

7958912 

174 

5,64 

4.2E-03 

7954810 

LRRK2 

Leucine  rich  repeat  kinase  2 

8.1E-09 

7954820 

1.21 

8,53 

6.3E-03 

79G3765 

GSTM1 

Glutathione  5-transferase  mu  1 

7,4E— 05 

7903769 

—  1.48 

8.31 

7.0E— 03 

0107356 

QCP2 

Decapping  enzyme  homolog  (S.  cerovisiae] 

9 7E-05 

8107363 

-2.04 

879 

7.1E— 03 

7949931 

SUV42QH1 

Suppressor  of  variegation  4-20  homolog  1 

5.1E-D6 

7949933 

-271 

6.13 

1.9E-02 

80832B2 

HPS3 

Hermansky-Pudlak  syndrome  3 

2.9E-GG 

8083291 

-278 

6.18 

1.8E-02 

8068740 

UM0DL1 

UromodulinTtke  1 

27E-19 

8068745 

—  7,13 

16.93 

2.5E-04 

'Rows  art?  soiled  by  deef  casing  fold-change  in  eventual  PTSO  cases  r  els  live  to  nwvHSO  comparison  Subjects. 

■'Cxons  of  transcript  cluster  IDs  in  bold  comprised  the  optimal  5  probe  SVM  classifier  of  eventual  PTSO  sralus  identified  by  training  nnd  lest  mg  in  independent  samples 
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sensitivity,  specificity,  positive  predictive,  and  negative  predictive 
v  al  u  es  o  f  60%,  1 00%*  1 0G%*  and  7 1  %,  res  pec  t  i  v el  y . 

DISCUSSION 

A  fairly  consistent  picture  of  PTSD- induced  or -associated  changes 
in  peripheral  blood  gene  expression  is  emerging,  with  immunity- 
related  genes  among  the  most  reliably  implicated  biomarkers,  To 
this  picture  we  add  new  and  compelling  pilot  data  suggesting  that 
dysregulation  of  immunity-related  genes  not  only  accompanies  the 
emergence  of  PTSD,  but  precedes  it.  This  result  strongly  suggests 
that  this  dysregulation  is  a  risk  factor  and  not  simply  a  consequence 
of  PTSD.  Yet,  immune-gene  dysregulation  may  be  only  one  piece  of 
(he  biological  puzzle  of  PTSD  susceptibility,  as  many  genes  com¬ 
prising  the  best- performing  PTSD -predictive  classifiers  were  not 
immune-system  genes*  and  these  other  genes  had  highly  disparate 
functions. 

Collectively,  profiles  ofdysregulaled  genes  in  immune  and  other 
pathways  may  serve  as  potent  risk  indicators  upon  which  early 
intervention  and  prevention  efforts  may  ultimately  be  based.  To  wit, 
we  were  able  to  construct  and  validate  two  panels  of  blood -based 
PTSD  risk-predictive  biomarkers  that  ranged  In  accuracy  from  70% 
to  80%  in  independent  (albeit  small)  replication  samples.  Despite 
our  relatively  small  sample  size  and  the  additional  levels  of  correc¬ 
tion  for  multiple-testing  required  for  exon  analyses,  a  number  of 
differentially  expressed  exons  surpassed  stringent  criteria  for  de¬ 
claring  statistical  significance.  Additionally,  tluj  exon-based  pre¬ 
dictive  classifier  appeared  to  perform  better  than  the  gene-based 
predictive  classifier.  Taken  together,  these  findings  suggest  that 
exon  expression  may  be  more  reliable  and  biologically  informative 
than  gene  expression  (which  reflects  the  average  expression  of  all 
transcript  isoforms  of  a  particular  duster). 

It  is  important  to  note  that  these  classifiers  employed  decision- 
rules  based  solely  on  mRNA  expression  levels.  Possibly,  more 
accurate  classification  models  can  be  constructed  in  the  future 
by  taking  into  account  additional  known  predictors  of  PTSD*  such 
as  family  history,  personality  traits,  pre-existing  mental  disorders 
|  Koenen  et  af,  2Q03a,b],  and  Other  factors  not  necessarily  related  to 
gene  expression.  Alternatively,  risk  factors  such  as  childhood 
exposure  lo  trauma  [van  Zuiden  et  al,  2012]  might  actually  be 
associated  with  or  interact  with  alterations  in  pre- deployment 
mRNA -ex  press  Urn  profiles.  The  present  study  was  unable  to  ac¬ 
count  for  childhood  exposure  to  trauma  or  other  such  factors,  but 
future  efforts  to  construct  predictive  models  should  seek  to  incor¬ 
porate  such  data.  Further  precision  in  measuring  the  amounts  and 
types  of  mRNA  I  so  forms  present  in  peripheral  blood  (c.g.,  by 
timber  analyses  of  exon- level  expression,  or  by  quantitation  of 
distinct  alternatively  spliced  iso  forms  through  RNAseq  or  exon- 
exon  junction -probing  microarrays)  will  undoubtedly  also  facili¬ 
tate  the  construction  of  more  accurate  classifiers.  Nevertheless,  a 
single  predictive  classifier  of  PTSD  (no  matter  how  precisely 
constructed)  may  never  perform  with  100%  accuracy,  which  is 
why  it  will  be  essential  to  pursue  fin  larger  samples)  those  characl  er¬ 
istics  of  either  the  subjects  or  the  data  that  would  determine  for 
whom  such  a  classifier  works.  Of  equal  interest  is  the  possibility  that, 
despite  similar  phenotypic  raa  n  i  festarions  of  PTSD,  there  are  two  or 
more  unique  biomarker  profiles  that  predict  the  same  phenotypic 


outcome.  In  fact,  etiologic  heterogeneity  may  be  a  hallmark  of 
complex  disorders  including  PTSD,  so  it  may  not  be  possible  to 
identify  a  single  "one-size- fits-all”  bio  marker  profile  of  the  suscep¬ 
tibility1  toward  the  disorder.  Thus,  in  the  future,  distinct  predictive 
biomarker  classifiers  may  be  required  to  account  for  disorder 
stratification  and  correctly  classify  biologically  or  phenoiypicaJly 
separate  sets  of subjects  at  highest  risk  of  developing  PTSD.  Another 
distinct  possibility  is  that  for  some  eventual  cases  of  PTSD  there  is 
no  blood-based  pre-trauma  biomarker  signature  of  increased 
susceptibility  to  be  found.  We  are  currently  investigating  each  of 
these  possibilities  further. 

Because  of  our  relatively  small  sample  size  and  the  severe 
corrections  for  multiple- testing  required  when  examining  the 
entire  transcriptome,  we  did  not  detect  individual  gene -express ion 
differences  in  eventual  PTSD  cases  that  surpassed  stringent  criteria 
foT  declaring  statistical  significance.  As  such,  the  focus  of  our  efforts 
and  interpretations  has  been  on  groups  of  genes,  either  in  regard  to 
their  biological  annotations  or  their  collective  ability  to  identify 
PTSD  cases.  Nevertheless,  one  gene  identified  here  as  predictive  of 
PTSD  emergence  (RPL24)  is  notable  in  that  it  was  also  identified  as  a 
diagnostic  biomarker  of  PTSD  in  a  prior  blood-based  gene  expres¬ 
sion  study  by  Mehta  and  Binder  [2012].  Interestingly,  we  found  that 
this  gene  was  significantly  down-regulated  at  pre- deployment 
among  Marines  who  would  later  go  on  to  develop  PTSD,  whereas 
Mehta  et  al.,  found  this  gene  to  be  up-regulated  in  current  PTSD 
sufferers.  If  this  observation  can  be  confirmed  by  additional  work,  it 
suggests  that  the  down- regulation  of  RPL24  at  baseline  may  signal 
heightened  susceptibility  for  the  disorder  which  is  then  accompa¬ 
nied  by  a  concomitant  increase  and  over-expression  of  this  gene 
after  exposure  to  the  precipitating  trauma  and  subsequent  devel¬ 
opment  of  PTSD  symptoms.  The  majority  of  genes  that  we  found  to 
he  dysregulated  at  baseline  m  eventual  PTSD  cases  do  not  appear  in 
other  post-trauma  studies  to  be  either  significantly  up-  or  down- 
regulated  in  established  PTSD  cases,  suggesting  that  the  expression 
levels  of  these  genes  simply  signify  a  risk  stale  but  do  not  necessarily 
bear  on  the  presentation  of  the  disorder  once  trauma  has  been 
experienced.  Our  results  must  be  validated  using  another  more 
sensitive  mRNA-quaniification  technique  such  as  qRT-PCR,  but 
beyond  this,  replication  in  other  well -powered  longitudinal  studies 
of  subjects  at  high  risk  for  trauma  will  prove  crucial  lor  more 
definitively  implicating  particular  genes  as  risk  indicators. 

The  present  pilot  study  broadens  the  search  for  pre-deployment 
biomarkers  for  PTSD  vulnerability  beyond  that  of  previous  work 
|c,g,,  van  Zuiden  et  al.,  2012],  To  our  knowledge,  (his  was  the  firs! 
study  to  search  transcrip  tome-  wide  for  patterns  of  gene-  and  exon- 
expression  that  distinguished  future  PTSD  cases  from  non- PTSD 
comparison  subjects.  The  present  study  is  also  unique  because  it 
employed  a  data-driven  machine- 1  earning  approach  for  identifying 
the  transcripts  that,  collectively,  were  most  predictive  of  future 
PTSD  status,  many  of  which  had  not  previously  been  associated 
with  PTSD.  Taken  together,  these  two  strategies  are  useful  for 
identifying  exons,  genes,  and  pathways  that  potentially  serve  as 
biomarkers  and  play  a  role  in  the  etiology  of  PTSD,  but  that  may 
have  been  overlooked  by  other  approaches  focusing  on  well-estab¬ 
lished  candidate  genes. 

This  work  must  be  considered  in  the  context  of  its  limitations. 
Foremost  among  these  may  be  the  observation  of  an  increased  pre- 
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deployment  (JAPS  score  among  future  PT$D  cases.  A  closer  exam¬ 
ination  of  this  finding  revealed  that  this  difference  was  driven  by  the 
11  f)v’ subscale  of  the  CAPS  measure,  reflecting  an  increased  reporting 
of  symptoms  of  hyper-arousal  among  future  cases.  Because  of  this 
limitation,  it  cannot  be  determined  unequivocally  whether  the 
present  study  has  detected  true  biological  vulnerability,  pre-dinkal 
changes  associated  with  PTSD,  or  (more  likely)  some  combination 
of  these  factors.  Conclusions  about  the  origins  of  the  blood-based 
biomarker  signals  (vulnerability  v$.  prcclinical  state)  could  be 
strengthened  in  future  studies  by  controlling  for  the  severity  of 
p ri or  tra u m a  expos u  re ,  o  r  bet  ter  yet ,  by  exam  i  n  ing  p re- dep  1  o y me n t 
gene  expression  in  trauma-naive  subjects.  Nevertheless,  we  main¬ 
tain  that  the  design  of  our  study  lends  itself  to  the  potential 
development  of  a  predictive  bio  marker  with  some  clinical  utility; 
one  that  potentially  can  be  used  to  determine  who  is  at  increased  risk 
for  emergent  PTSD  among  a  group  of  real- world  service  members 
who  will  undoubtedly  have  mixed  and  incomplete  records  of 
trauma  exposure  and  may  even  manifest  signs  of  pre-clinical 
disorder. 

Regardless  of  the  preliminary  state  of  our  conclusions  regarding 
individual  genes,  our  work  makes  clear  ill  at  genes  involved  in 
cellular  immunity  are  reliably  and  disproportionately  represented 
among  those  that  are  dysregulated  (mostly  up- regulated)  in  our 
sample  of  eventual  PTSD  cases.  This  finding  is  consistent  with 
evidence  for  dysfunctional  cellular  immune  processes  in  individu¬ 
als  with  PTSD,  which  we  recently  reviewed  in  depth  [Baker 
el  al.,  2012b].  Our  review'  of  the  collective  evidence  suggests  that 
systemic  inflammation  and  deleterious  health  consequences  in 
PTSD  are  strongly  linked.  Given  this  evidence,  treatment  strategies 
to  reduce  inflammation  that  target  biobehavtoral  factors  may  be  of 
value  to  pursue. 

In  conclusion,  as  the  development  of  PTSD  following  initial 
trauma  exposure  is  quite  variable  and  unpredictable,  we  sought  to 
identify  readily  assessable  biomarkers  of  risk  and  resilience  based  on 
evaluations  of  blood -based  gene  expression  among  soon- to-be- 
deployed  Marines  participating  in  the  MRS.  Our  analyses  con¬ 
verged  on  the  immune-system  as  the  most  reliably  dysregulated 
biological  process  characterizing  high-risk  individuals;  however, 
numerous  other  genes  not  strictly  related  to  cellular  immunity  also 
appear  to  be  differentially  expressed  at  baseline  in  individuals  who 
develop  PTSD,  and  these  genes  contribute  much  to  our  blood- 
based  prediction  models  of  the  disorder’s  emergence.  If  biomarkers 
related  to  PTSD  risk  and  resilience  (such  as  the  panels  of  genes  and 
exons  identified  here)  can  be  validated  in  additional  cohorts  and 
prospective  studies,  they  may  help  to  confidently  identify  which 
individuals  are  at  the  highest  risk  in  real-world  scenarios.  These 
efforts  may  lead  to  more  effective  primary  prevention  protocols, 
which  would  be  particularly  important  in  groups  such  as  these 
Marines  for  whom  it  is  known  in  advance  that  exposure  to  serious 
trauma  is  highly  likely.  This  may  also  prove  highly  relevant  for  iirsi- 
responders,  such  as  police,  fire,  and  emergency  medical  teams,  for 
whom  a  regular  part  of  their  job  is  also  exposure  to  potentially 
traumatic  situations.  Further  work  correlating  pre-  and  post- 
deployment  differences  in  gene  expression  among  PTSD  cases 
and  unaffected  comparison  subjects  would  also  constitute  a  major 
advance  in  the  effort  to  identify  the  biological  mechanisms  of  this 
disorder  and  potentially  develop  diagnostic  biomarkers  that  can 


serve  as  useful  adjuncts  to  the  prevailing  gold-standard  behavioral 
diagnostic  systems  [B  re  win  et  aL>  2000;  Ozer  ct  ah.  2003]. 
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Traumatic  brain  injury  (TBI)  is  a  leading  cause  of  sustained  impairment  in  military  and  civilian  populations.  How¬ 
ever,  mild  TGI  (mTBI}  can  be  difficult  to  detect  using  conventional  MRJ  or  CT,  Injured  brain  tissues  in  mini  patient 
generate  abnormal  slow- waves  (1^4  Hz]  that  can  be  measured  and  localized  by  resting- state  magnetoencephalog- 
raphy  (MEG).  In  this  study,  we  develop  a  voxel-based  whole- brain  MEG  slow- wave  imaging  approach  for  d  elect  - 
ing  abnormality  in  patients  with  mTBI  on  a  single-subject  basis,  A  normative  day  base  of  resting-srate  MEG  source 
magnitude  images  (1-4  Hz)  from  79  healthy  control  subjects  was  established  for  all  brain  voxels.  The  high- 
resotution  MEG  source  magnitude  images  were  obtained  by  our  recent  Fast- VESTAL  method.  In  84  mTBI  patients 
with  persistent  post -con  tussive  symptoms  (16  from  blasts,  and  48  from  non-bfasi  causes ),  our  method  detected 
abnormalities  at  the  positive  detection  rates  of  S4*5%,  86J£,  and  S3*3%  for  the  combined  (blasi -induced  plus 
with  non-blast  causes),  blast,  and  non-blast  mTBI  groups,  respectively.  We  found  that  prefromak  poster  ior  parietal, 
inferior  temporal,  hippocampus,  and  cerebella  areas  were  particularly  vulnerable  to  head  trauma.  The  result  also 
showed  that  MEG  slow- wave  generation  in  prefrontal  areas  positively  correlated  with  personality  change*  trouble 
concentrating,  alfeclive  lability,  and  depression  symptoms*  Discussion  is  provided  regarding  the  neuronal  mecha¬ 
nisms  of  MEG  slow-wave  generation  du^  to  deafferen ration  caused  by  axonal  injury  and/or  blorkages/iim  Rations 
of  cholinergic  transmission  in  TBI.  This  study  provides  an  effective  way  for  using  MEG  slow-wave  source  imaging  to 
localize  affected  areas  and  supports  MEG  as  a  tool  for  assisting  the  diagnosis  of  mlBL 

Published  by  Elsevier  Inc  This  is  an  open  access  article  under  the  CC  RY-NC-ND  license 
( http :  /  /creative  co  m  muns.o  rg,  I  icenscs/by-  nc  -nd  ,3 .0/ ). 


I .  Introduction 

Traumatic  brain  injury  (TBI)  is  a  leading  cause  of  sustained  physical, 
cognitive,  emotional*  and  behavioral  deficits  in  the  civilian  population 
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(due  to  motor  vehicle  accidents,  sports,  falls,  and  assaults)  and  military 
personnel  (with  blast  injury  as  an  additional  cause).  An  estimated 
5,3  million  Americans  live  with  disabilities  associated  with  a  TBI 
(Thurman  et  aL  1999)*  The  majority  ofTBls  are  in  the  "mild**  range  of 
severity*  Mild  TBI  (mTBI)  accounts  for  75%  of  civilian  TBls  (Centers  for 
Disease  Control,  Prevention*  National  Center  for  Injury  Prevention, 
Control,  2003),  and  89%  of  active-duty  military  personnel  and  Veterans 
wounded  in  combat  in  Iraq  and  Afghanistan  with  combat- related  TBIs 
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(MacGregor  et  al,  201 1 ).  However,  the  pathophysiology  of  mTBI  is  not 
completely  understood  and  the  long-term  effects  of  mTBI  are  controver¬ 
sial.  Post -concessive  symptoms  (PCSs)  in  mTBI  often  resolve  within 
three  months  after  injury  in  the  majority  of  individuals  (Levin  et  al., 
19S7;  Rutherford,  1989),  However  about  20ft  (varying  from  8  to  33%) 
of  mTBI  patients  show  persistent  long-term  cognitive  and/or  behavioral 
Impairments  [Alexander,  1995;  Binder.  1986;  Binder*  1997;  Bohnen 
er  aL  1992;  Rimel  et  al.,  1981;  Rutherford,  1989 ),  At  presen  l  it  is  unclear 
why  simitar  acute  mTBI  events  can  lead  to  dramatic  neurobehavioral 
decompensation  with  persistent  PCS  in  some  individuals,  but  not  in 
others  (Jeter  <?t  al,  2013).  It  is  also  unclear  what  the  optimal  rehabilita¬ 
tion  treatments  are  for  mTBls,  partially  due  to  the  limited  or  lack  of  in¬ 
formation  about  the  loci  of  the  injury. 

Conventional  neuroimaging  techniques  have  limited  sensitivity  to 
detect  physiological  alterations  caused  by  mTBI  and  are  usually 
not  used  to  assess  the  efficacy  of  mTBI  treatments.  Mild  (and  some 
moderate)  TQI  can  be  difficult  to  detect  because  the  injuries  are  often 
not  visible  on  conventional  acute  MR1  orCT  (Bigler  and  Omson,  2004; 
Johnston  et  al..  2001 ;  Kirkwood  et  al.,  2006).  Approximately  80%  of  all 
civilian  patients  with  TBJ  do  not  show  visible  lesions  using  conventional 
MR1  or  Cf  ( Alexander,  1 995).  Intracranial  lesions  in  mTBI  were  detected 
by  conventional  neuroimaging  techniques  in  only  4%,  16%,  and  28%  of  ci¬ 
vilian  patients  with  Glasgow  Coma  Scale  (CCS)  scores  (Teasdalc  and 
Jenneti,  1974)  of  15, 14f  and  13,  respectively  (CuJorta  et  al,  1996).  The 
diagnosis  of  combat- related  mTBI  is  also  based  primarily  on  the  charac¬ 
teristics  of  the  acute  clinical  sequelae  following  the  injury:  and  subtle, 
scattered  and  varied  lesion (s)  that  usually  go  undetected  by  conven¬ 
tional  CT(Van  Bo  ven  et  at.  2009).  The  absence  of  abnormalities  on  con¬ 
ventional  neumimaging  techniques  in  the  majority  of  mTBI  patients, 
even  with  persistent  PCS  and  cognitive  and/or  behavioral  deficits  high¬ 
lights  the  limited  diagnostic  and  prognostic  value  of  conventional  CT 
and  MRI. 

Usually,  diffuse  axonal  injury  (DAI)  is  a  major  contributor  to  the  PCS 
and  cognitive  deficits  in  mTBI  patients.  DAI  is  commonly  induced  by 
sudden  acceleration -deceleration  or  by  rotational  forces.  In  a  rodent 
TBJ  model,  a  silver  staining  technique  revealed  that  axonal  injury  was 
the  most  prominent  feature  following  blast  exposure  (Carman  et  alM 
2011),  In  humans,  the  subsequent  tissue  injury  is  characterized  by  axo¬ 
nal  stretching,  inflammation,  disruption,  and  separation  of  nerve  fibers 
in  white  matter  (WM).  although  complete  axotomy  has  been  found  to 
be  relatively  rare  in  even  severe  TB1  (Adams  et  al.,  1989:  Basser  and 
Pierpaoli,  1996;  Gennarelli  et  al,  1982;  Niogi  et  al.,  2008a;  Niogi  et  al.. 
2008b,  Xu  et  aL  2007).  Conventional  CT'  and  MRI  are  primarily  sensitive 
to  blood  from  nearby  tom  capillaries,  and  less  sensitive  to  axonal  dam¬ 
age  itself,  hence  they  underestimate  the  presence  of  DAL  especially  in 
mTBI  cases. 

Magnetoencephalography  (MEG)  is  a  non -invasive  functional  imag¬ 
ing  technique  that  directly  measures  the  neuronal  current  in  gray  mat¬ 
ter  (CM)  with  high  temporal  resolution  (-CT  ms)  and  spatial  localization 
accuracy  (2-3  mm  at  cortical  level)  (Leahy  et  al,  1998),  MEG  studies 
from  Lewine  et  ah,  and  our  laboratory  showed  that  MEG  is  highly 
sensitive  to  abnormal  slow- wave  signals  { delta-band  1-4  Hz,  and  ex¬ 
tends  to  theta-band  5^7  Hz)  resulting  from  axonal  injuries  (Huang 
et  aL,  2009;  Huang  et  al.,  2012;  Lewine  et  al.,  1999;  Lewine  et  al., 
2007).  Neurophysiological  studies  in  animals  have  established  a  solid 
connect  ion  between  pathological  delta -wave  generation  in  GM  and  ax¬ 
onal  injuries  in  WM  (Ball  et  a!.  1977:  Gloor  et  aL.  1977),  showing  that 
cortical  deaflferemation  caused  by  axonal  injury  in  WM  is  an  important 
factor  in  delta -wave  production  in  CW.  We  have  reported  that  abnor¬ 
mal  MEG  slow-waves  in  mTBI  are  related  to  diffusion  tensor  injury 
(DTI)  abnormalities  in  underlying  WM  tracts  (Huang  et  al.,  2009). 
Using  a  region  of  interest  (ROI)  automated  approach,  we  also  detected 
abnormal  slow-waves  in  87%  of  patients  with  persistent  PCS  in  chronic 
and  sub-acute  phases  of  mTBI  (Huang  et  al.T  2012).  The  main  limitations 
of  the  ROI- based  MEG  approach  were:  l )  the  limited  spatial  resolution 
defined  by  Lhe  size  of  the  ROIs,  and  2)  the  volume  of  the  ROI  varied 


considerably  which  caused  variable  sensitivity  in  detecting  abnormal 
slow-waves  in  mTBL 

Voxel -based  source  imaging  approach  has  the  potential  of  overcom¬ 
ing  the  limitation  of  the  RObbased  approach.  In  a  study  by  Wienhrudi 
(2007),  a  voxel-based  dipole  location  density  function  approach  With 
2-scorc  statistics  was  used  for  assessing  resting-state  MEG  brain 
rhythms  in  human.  Building  upon  previous  work  in  this  area,  the 
present  study  introduces  a  new  automated  voxel-based  whole-brain 
MEG  slow-wave  imaging  approach  for  detecting  abnormality  on  a 
single- subject  basis  for  individuals  with  mTBI.  The  voxel- based  MEG 
source  images  are  obtained  using  our  recent  Fast- VESTAL  method  (Le., 
Fast  VEctor- based  Spatio-Temporal  Analysis  of  LI -minimum)  (Huang 
et  al„  2014)  for  analyzing  res  ting- state  MEG  data.  The  goals  for  the  pres¬ 
ent  study  are  to:  1 )  establish  and  evaluate  a  nonnative  database  for  the 
voxel -based  whole-brain  MEC  slow- wave  imaging  approach:  2]  exam¬ 
ine  the  positive  detection  rates  of  this  new  approach  for  its  ability  to  de¬ 
tect  abnormality  in  patients  with  mTBI  on  a  single-subject -basis;  and 
3)  study  the  spatial  distribution  of  abnormal  MEG  slow-wave  loci  in 
both  individual  patients  and  on  a  group  basis  to  identify  the  brain 
areas  that  are  particularly  vulnerable  to  mTBI 

2  *  Methods  and  materials 

2.  \ .  Research  subjects 

Eighty-four  (84)  mTBI  patients  who  had  a  chronlc/sub-acute  TBl 
(4  weeks  to  5  years,  mean  8.7  ±  73  months  post- injury)  with  persis¬ 
tent  ongoing  PCS  participated  in  this  study.  The  mTBI  patients  were  di¬ 
vided  into  two  groups:  the  mild  blasi-induced  TBl  group  consisted  of 
36  mTBI  patients  (active-duty  military  service  members  and  OEF/OIF 
Veterans)  with  injuries  caused  by  blast  exposure  during  combat  (age 
28.3  i  5,4  years,  all  males)  while  the  non- blast  mTBI  group  comprised 
48  mTBI  civilian  patients  injured  due  to  non-blasl  causes  (i.e„  motor  ve¬ 
hicle  accidents,  sports,  and  falls;  age 30.2  ±  10.2  years,  34  males).  One 
essential  step  in  identifying  individual  FBI  patients  with  abnormal 
MEC  slow-waves  is  to  first  create  an  age -matched  normative  database 
(see  below).  For  that  purpose,  79  healthy  control  subjects  (63  civilians 
and  1 1  active-duty  military  service  members)  with  no  significant  histo¬ 
ry  or  concussion  were  recruited  into  the  study  (age  28.4  ±  8.7  years, 
67  males).  There  were  no  statistically  significant  age  differences  be¬ 
tween  the  healthy  control  group  and  either  of  the  TBl  groups.  All  partic¬ 
ipants  gave  written  informed  consent  for  study  procedures,  which  were 
reviewed  and  approved  by  institutional  review  boards  of  the  VA  San 
Diego  Healthcare  System  and  Naval  Health  Research  Center  at  San 
Diego.  The  informed  consent  followed  the  ethical  guidelines  of  the  Dec¬ 
larations  of  Helsinki  (sixth  revision,  2008)  and  additional  research  re¬ 
quirements  for  active-duty  military  personnel  and  veterans. 

All  mTBI  patients  were  evaluated  in  a  clinical  interview  to  document 
the  nature  of  the  injuries  and  on-going  PCS.  The  diagnosis  and  classifica¬ 
tion  of  mTBI  patients  were  based  on  standard  VA/DOD  diagnostic 
criteria.  Inclusion  in  the  mTBI  patient  group  required  a  TBl  that  met 
the  following  criteria:  1 )  a  loss  of  consciousness  (LOG)  <  30  min  or  tran¬ 
sient  con  his  ion.  disorientation,  or  impaired  consciousness  immediately 
after  the  trauma;  2)  post-traumatic  amnesia  (FTA)  <  24  h;  3)  an  initial 
Glasgow  Coma  Scale  (GCS)  (Teasdale  and  Jennett.  1974)  between  13 
and  15  (if  available).  Since  the  GCS  assessment  was  often  not  available 
in  theater,  military  personnel  (and  some  civilians)  with  missing  GCS, 
but  who  met  other  inclusion  criteria,  were  also  recruited. 

We  examined  PCS  in  all  mTBI  patients  (based  on  a  clinical  inter¬ 
view),  The  symptoms  were  coded  as  CT"  for  the  existence  of  symptoms 
and  "0"  for  the  absence  of  symptoms  in  2 1  categories,  modified  slightly 
from  the  Head  Injury  Symptom  Checklist  (H1SC,  (McLean  et  ah,  1984): 
I )  headaches,  2)  dizziness,  3)  fatigue,  4)  memory  difficulty,  5)  irritabil¬ 
ity.  lack  of  patience,  lose  temper  easily,  6 )  anxiety,  7 )  trouble  with  sleep. 
8)  hearing  difficulties,  9)  blurred  vision  or  other  visual  difficulties, 
10)  personality  changes  (c.g.,  social  problems).  1 1 )  apathy,  12)  lack  of 
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spontaneity,  13}  affective  lability  (quickly -changing  emotions),  14  de¬ 
pression,  15)  trouble  concentrating,  16)  bothered  by  noise*  17)  bothered 
by  light,  18}  coordination  and  balance  problems*  19)  motor  dilficulty* 
20)  difficulty  with  speech,  21 )  numbness/ting  I  tug. 

Tertiary  injuries  were  common  in  patients  with  blast-related  m TBI, 
The  tertiary  injuries  involved  a  fall,  hitting  other  objects  (e.g.,  hitting 
parts  oF  vehicle  when  the  driving  vehicle  was  hit  by  an  IED).  or  being 
hit  by  other  flying  objects  following  the  initial  blast  (Cernak  and 
Noble- Haeussle  in.  2010:  Elder  et  al*.  2010),  Among  our  36  blast  mTBl 
patients,  25  also  reported  having  tertiary  injuries:  5  reported  no- 
tertiary  injuries:  6  were  unsure.  We  use  the  term  "blast-induced 
mlBl"  or  simple  "blast  mTBl"  throughout  this  study  to  represent  the 
group  with  combined  primary  blast  and  tertiary  injuries,  in  Lhe  mTBl 
group,  2  patients  had  positive  findings  on  conventional  MRJ  (nonspecif¬ 
ic  mild  white- matter T2 -prolongation*  not  definitely  related  to  trauma) 
and  none  had  evidence  of  intracranial  hem  □rrhage/hemosi  derm  during 
the  chronic  phase  (i*e.t  >6  months  post- injury).  No  healthy  control  sub¬ 
jects  showed  positive  findings  on  conventional  MRL  Among  all  mTBl  pa¬ 
tients,  27  had  multiple  TBls  (14  from  Lhe  blast  group  and  13  from  the 
non-blast  group).  It  is  not  our  intention  in  this  study  to  use  MEG  to  dis¬ 
tinguish  new  from  old  neuronal  injuries  due  to  multiple  TBls.  Patients 
with  multiple  TBls  were  included  in  the  analysis,  and  a  history  of  the 
most  recent  and  all  prior  TBls  was  documented  for  further  exploration. 
It  Is  possible  that  in  patients  with  multiple  IBIs,  both  the  old  and  new 
injuries  contributed  to  dealferentation,  thus  generating  abnormal  MEG 
slow -waves. 

Exclusion  criteria  for  study  participation  were  as  follows:  1 )  other 
neurological,  developmental  or  psychiatric  disorders  (e.g.r  brain 
tumor,  stroke,  epilepsy,  Alzheimer  disease,  or  schizophrenia,  bipolar 
disorder,  or  history  oF  learning  disability).  Additionally,  participants 
with  a  diagnosis  of  post- traumatic  stress  disorder  (PTSD)  or  major  de¬ 
pression  disorder  (MDD)  were  excluded  based  on  DSV-5  criteria  and 
for  nm  a  Clinician  Administered  PTSD  scale  score  >30;  2)  substance 
or  alcohol  abuse  according  to  D5M-V  criteria  within  the  six  months 
prior  to  the  srudy :  3 )  history  of  metabolic  or  other  d  iseases  known  to  af¬ 
fect  tire  central  nervous  system  (see  Dikmen  cr  al„  1995  for  similar 
criteria);  4)  extensive  metal  dental  hardware  (e.g.,  braces  and  large 
metal  dentures;  fillings  are  OK)  or  other  metal  objects  in  the  head, 
neck,  or  face  areas  that  cause  non-removable  artifacts  in  the  MEG 
data;  5)  participants  taking  certain  medications  (e.g..  some  sedative 
neuroleptics  and  hypnotics)  known  to  increase  delta-wave  power 
(Niedermeyerand  Lopes  da  Silva,  2005)  were  excluded  from  participa¬ 
tion;  6)  potential  subjects  were  administered  the  Beck  Depression 
Inventory  (BDI-ll)  to  evaluate  level  of  depressive  symptoms,  and  suicid¬ 
al  ideation;  any  participant  who  reports  a  "2"  or  "V  on  the  BD1-II:  item  9 
(suicidal  thoughts  or  wishes)  were  also  excluded*  However,  depression 
symptoms  following  mTBl  are  common  (Rapoport,  201 2):  therefore*  in 
this  study*  we  included  subjects  with  depression  symptoms  reported 
after  their  injury,  but  not  serious  enough  to  be  diagnosed  with  MDD, 

2.2 .  MEG  data  acquisition  and  signal  pre-processing  to  remove  urn  facts 

Resting- state  MEG  data  (spontaneous  recording  for  detecting  MEG 
slow-wave  signals)  were  collected  using  the  VertorView™  whole- 
head  MEG  system  ( Elekta-Neuromag,  Helsinki,  Finland)  with  306  MEG 
channels  in  upright  position  inside  a  multi-layer  magn erica II y- 
s  hie  Ed  ed  room  (IMEDCO-AG )  (Cohen  et  aL  2002}  at  the  UC5D  MEG  Cen¬ 
ter.  The  recording  was  divided  into  three  5-minute  blocks  with  eyes 
closed,  alternating  with  three  5-minute  blocks  with  eyes  open.  In  the 
eyes-closed  condition,  the  subject  was  instructed  to  keep  the  eyes 
dosed  and  empty  his/her  mind.  In  the  eyes-open  condition*  the  subject 
was  instructed  to  fix  the  eyes  on  a  fixation  point  arid  empty  his/her 
mind.  The  order  of  blocks  was  counter- balanced  between  subjects. 
Data  were  sampled  at  1000  Hz  and  were  run  through  a  high- pass  filter 
with  a  0.1  Hz  cut-off,  and  a  low-pass  filter  with  a  330  Hz  cut-off.  Eye 
blinks,  eye  movements*  and  heart  signals  were  monitored.  Precautions 


were  taken  to  ensure  head  stability;  foam  wedges  were  inserted 
between  the  subject's  head  and  the  inside  oF  the  unit,  and  a  Velcro 
strap  was  placed  under  the  subject's  chin  and  anchored  in  superior 
and  posterior  axes.  Head  movement  across  different  sessions  was 
about  2-3  mm,  Since  the  MEG  eyes-open  data  were  contaminated 
with  eye-blinks  in  many  subjects,  we  focused  on  analyzing  the  eyes- 
dosed  data  in  the  present  study. 

To  help  ensure  that  subjects  were  alert  during  the  MEG  recordings* 
prior  to  all  of  the  study  sessions,  participants  completed  a  questionnaire 
about  the  number  of  hours  they  slept  the  previous  night,  how  rested 
they  felt*  and  if  there  was  any  reason  that  they  might  not  be  attentive 
and  perform  ro  the  best  of  their  abilities  (due  to  headache,  pain,  etc.). 
Participants  were  scheduled  early  in  the  day  to  avoid  fatigue  from 
performing  daily  activities.  In  addition,  eyes  closed  sessions  were 
rotated  with  eyes  open  sessions  ro  monitor  the  amount  of  eye 
blinking  and  eye  movement,  which  MEG  technicians  monitor  online 
to  gage  the  cognitive  state  of  subjects.  MEG  technicians  also  monitored 
online  the  amount  of  alpha  band  oscillations,  which  is  consisted  iy  asso¬ 
ciated  with  tonic  alertness.  Participants  were  viewed  on  a  camera, 
which  also  allowed  for  MEG  technicians  to  monitor  alertness  of  each 
subject* 

MEG  eyes-closed  data  were  first  am  through  MaxFilter.  also  known 
as  signal  space  separation,  (Song  cr  a!„  2008;  Taulu  et  al,  2004a;  Taulu 
et  al*,  2004b)  to  remove  external  interferences  (magnetic  artifacts  due 
to  metal  objects,  strong  cardiac  signals,  environment  noises,  etc.),  and 
to  co- register  the  MEG  data  by  removing  the  small  head  movements 
across  the  three  5- min  eyes-closed  sessions.  Next,  residual  artifacts 
near  the  sensor  array  due  to  eye  movements  and  residual  cardiac  signals 
were  removed  using  independent  Component  Analysis,  The  sofrware  is 
our  customized  version  of  ICALAB  (bsp.brain.riken.jp/ICALAB/). 

23 .  Structural  MR/,  MEG-MR/  registration*  BEM/orward  ra/cufatiou 

Structural  MRI  of  the  subject's  head  was  collected  using  a 
General  Electric  1*5T  Excite  MR!  scanner.  The  acquisition  contains  a 
standard  high- resolution  anatomical  volume  with  a  resolution  of 
0*94 >:  0.94x  1 2  mm3  using  a  T1 -weighted  3D-JR-F5PGR  pulse  sequence. 
To  co-register  the  MEG  with  MRI  coordinate  systems,  three  anatomical 
landmarks  (i.e.,  left  and  right  pre-auricular  points,  and  nasion)  were 
measured  For  each  subject  using  the  Probe  Position  Identification  sys¬ 
tem  (Polhemus,  USA).  By  identi lying  the  same  three  points  on  the 
subject’s  MR  images  using  MRILAB  (Elekta/Neuromag).  a  transforma¬ 
tion  matrix  involving  both  rotation  and  translation  between  the  MEG 
and  MR  coordinate  systems  was  generated*  To  increase  the  reliability 
of  the  MEG-MR  co- registrar! on*  approximately  80  points  on  the  scalp 
were  digitized  with  the  Pol  hem  us  system,  in  addition  to  the  three  land¬ 
marks.  and  those  points  were  co-registered  onto  the  scalp  surface  of  the 
MR  images.  The  T1 -weighted  images  were  also  used  to  extract  the  brain 
volume  and  innermost  skull  surface  (SEC LAB  software  developed  by 
Elekta/Neuromag)*  Realistic  Boundary  Element  Method  (BEM)  head 
model  was  used  for  MEG  forward  calculation  (Huang  et  al.,  2007; 
Mosher  et  al.,  1999).  The  BEM  mesh  was  constructed  by  tessellating 
the  inner  skull  surface  from  the  Tl  -weighted  MRI  into  -6000  triangular 
elements  with  -5  mm  size.  A  cubic  source  grid  with  5  mm  size  was  used 
for  calculating  the  MEG  gain  (i.e.,  lead-field)  matrix*  which  leads  to  a 
grid  with  -10,000  nodes  covering  the  whole  brain.  Other  conventional 
MRI  sequences  typical  for  identifying  structural  lesions  in  TBI  patients 
were  also  performed:  1)  Axial  T2*-  weigh  ted;  2)  axial  fast  spin-echo 
Unweighted;  and  3)  axial  FLAIR;  These  conventional  MRIs  were  careful¬ 
ly  reviewed  by  a  Board -certified  neuroradiologist  (R*R,  Lee)  to  deter¬ 
mine  if  the  subject  had  visible  lesions  on  MRI. 

2A .  MEG  slow-wave  source  magnitude  imaging  using  Fast- VESTAL 

The  voxel-based  MEG  source  magnitude  images  were  obtained 
using  our  recent  high-resolution  Fast- VESTAL  MEG  source  imaging 
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method  (Huang  et  aL  20 1 4).  The  Fast- VESTAL  technique  consists  of  two 
steps.  First,  Li -minimum-norm  MEG  source  images  were  obtained  for 
the  dominant  spatial  (Le.,  eigen-)  modes  of  sensor- wave  form  covari¬ 
ance  matrix.  Next,  accurate  source  time-courses  were  obtained  using 
an  inverse  operator  constructed  from  the  spatial  soua'e  images  of  Step 
1 .  This  approach  has  been  successfully  used  to  obtain  comprehensive 
MEG  source- magnitude  images  covering  the  entire  brain  for  different 
frequency  bands  of  resting-state  brain  rhythms  (Huang  et  at..  2014). 

In  the  present  study,  each  of  the  artifact- free,  5-minute  long,  eyes- 
closed,  resting-state  MEC  sensor-space  data  were  run  through  a  band¬ 
pass  filter  with  the  passing  band  at  1-4  Hz  (delta-frequency  band). 
After  concatenating  the  three  sets  of  5- minute  band-passed  filtered 
MEG  signal,  the  sensor- wave  form  covariance  matrix  was  calculated. 
Using  such  a  covariance  matrix,  MEG  slaw-wave  source  magnitude  im¬ 
ages  that  cover  the  whole  brain  were  obtained  for  each  subject  follow¬ 
ing  the  Fast- VESTAL  procedure  (Huang  et  ah,  2014).  An  Objective  Pre- 
whitening  Method  was  applied  to  remove  correlated  environmental 
noise  and  objectively  select  the  dominant  eigen -modes  of  sensor - 
waveform  covariance  matrix  (Huang  et  al.,  2014). 

25  .  Establishing  voxel-based  normative  database  for  M EG  slow-wave 
magnitude  imaging 

The  MEG  data  processing  stream  in  healthy  control  subjects  includes 
the  following  steps:  1 )  MEG  source  magnitude  imaging  volumes  obtain¬ 
ed  from  Fast- VESTAL  that  cover  the  whole  brain  for  the  1-4  Liz  signals 
from  each  of  the  79  healthy  control  subjects  were  first  spatially 
smoothed  using  a  Gaussian  kernel  with  p  re -defined  full  width  half  max¬ 
imum  (FWHM).  and  then  co-registered  to  an  MNl- 152  brain-atlas  tem¬ 
plate  with  2  mm  voxel  size  using  FUST  program  in  F5L  software 
package  (www.fmrib.ox, ac.uk/fsl/).  2)  For  each  voxel  in  the  MN1  space, 
the  MEC  source  magnitude  data  were  first  run  through  a  logarithm 
transformation  and  then  fit  with  a  linear  regression  model  for  age  and 
gender.  The  linear  fitting  parameters  for  age  and  gender  were  saved  for 
each  voxel,  as  parts  of  the  normative  database.  3)  After  adjusting  for 
[he  age  and  gender  variables,  mean  values  and  standard  deviations 
(SD)  were  calculated  for  each  voxel  lo  form  the  key  features  of  die  nor¬ 
mative  database.  Kolmogorov-5  mi  mov  (K-S)  tests  were  performed  for 
each  voxel  to  test  for  Gaussian  distribution  in  the  normative  database, 
A  "normative  mask"  containing  all  voxels  that  survived  the  K-5  Gaussian 
distribution  tests  was  created  for  the  nonnative  database.  Voxels  outside 
such  a  mask  worn  not  included  for  further  analysis,  4)  The  source  magni¬ 
tude  images  were  then  converted  into  2-score  images  using  the  mean 
values  and  SDs  from  the  normative  database.  5)  A  standard  duster 
analysis  was  performed  for  each  2-score  imaging  volume  to  control 
for  family-wise  errors,  using  M3dFWHMx"  and  "3dClust5im"  functions 
in  AFN1  (http://afni.mmh,nih.gov).  A  voxel  in  subject's  brain  was  consid¬ 
ered  to  have  statistically  abnormal  slow- waves  if  it  was  part  of  a  Z-score 
duster  (Z  >  2  for  all  voxels  in  the  duster)  with  the  size  equal  or  greater 
than  the  thresholding  cluster- size  (R<)  provided  by  "3dClust5im”.  The 
cluster-size  associated  with  a  corrected  p  —  0,01  threshold  was  used  in 
the  analysis.  6)  For  each  voxel,  a  duster- wise  Z-score  (ZJ  which  was 
the  mean  value  of  Z-score  across  all  neighboring  voxels  within  Rc  was 
calculated.  The  maximum  value  of  the  cluster- wise  Z-score  (Zcmw) 
across  the  whole  brain  volume  was  obtained  for  each  subject  Investiga¬ 
tions  were  conducted  to  determine  the  optimal  smoothing  factor  in  the 
pre-defined  FWHM,  which  affected  and  Ztrtuut. 

2£ .  Defecting  sing/e-siib/ect- hosed  abnormal  MEG  stow- waves  in  m773f 
patients 

We  developed  an  approach  to  identify  areas  that  generate  abnormal 
MEG  slow- wave  on  a  single -subject  basis.  For  each  mTBI  patient  (blast 
or  non-blast),  the  MEG  source-magnitude-imaging  volume  was  proc¬ 
essed  following  Steps  1  and  2  in  previous  section.  Then  the  result  was 
run  through  the  normative  mask  and  then  processed  to  adjust  for  the 


age  and  gender  using  the  previously  saved  linear  fitting  parameters 
from  normative  database.  Next,  the  resulting  imaging  volume  was  con¬ 
verted  into  a  Z-score  imaging  volume  using  the  mean  values  and  SDs 
from  the  healthy  control  database  ( Step 4  in  previous  section).  Clusters 
of  voxels  with  abnormal  slow- wave  generations  were  identified  using 
Steps  5  and  6  in  previous  section,  and  across  the  whole  brain  vol¬ 
ume  was  obtained  for  each  subject  Since  the  brain  areas  injured  by  TRI 
are  highly  heterogeneous  with  high  variability  across  individuals,  and 
often  without  global  effect.  Using  the  Zcm.™  value  (across  the  whole 
bram)  is  equivalent  to  examining  the  hypothesis  that  at  least  one  area 
shows  abnormal  slow-waves. 

We  assessed  the  sensitivity  and  specificity  of  MEG  using  the 
measure  and  estimated  its  optimal  cutoff.  The  standard  Youden's 
index  (t.e.,  sensitivity  -F  specificity  -  1 )  (YOUDEN,  1950)  was  used  to 
calculate  the  optimal  cutoff  point  (threshold  of  Z^*}  for  diagnosing 
mTBI  using  MEG  slow-wave  measure.  The  optimal  cutoff  is  usually 
around  the  peak  of  a  curve  in  which  the  YoudeiVs  index  was  plotted 
against  differen  t  cutoff  values. 

2.7 .  Assessing  the  spatial  distribution  of  abnormal  MEG  slow- wave 
generation  to  identify  the  brain  ureas  that  are  vulnerable  to  mTBI 

In  addition  to  the  single- subject- based  analysis,  we  also  performed 
an  analysis  to  identify  common  brain  areas  that  were  likely  to  generate 
abnormal  MEC  slow-waves  in  mTBL  In  this  approach,  MEC  source  ini’ 
aging  volume  in  MNl  space  from  each  mTBI  patient  was  converted  to 
a  binary  imaging  volume:  value u  1 "  was  assigned  m  the  voxels  showing 
statistically  significance  based  on  cluster- analysis  in  a  single- subject- 
based  analysis,  and  *‘tf  to  the  rest  of  the  voxels.  The  binary  imaging  vol¬ 
umes  from  all  mTB!  patients  were  summed  up  in  the  MNl  space,  and 
then  the  result  was  divided  by  the  total  number  of  mTBI  patients  to  cre¬ 
ate  a  spatial  map  for  the  likelihood  of  the  abnormal  MEG  slow- wave 
generation, 

2.8 .  Assessing  the  effect  of  different  spatial  smoothing  factors 

The  spatial  smoothing  with  a  Gaussian  smoothing  kernel  may  also 
play  an  important  role  to  the  positive  detection  rates  of  abnormal 
MEC  slow -wave  source  imaging.  Due  to  the  nature  of  high  heterogene¬ 
ity  for  the  location  of  the  abnormal  slow-wave  generators  in  mTBI,  over¬ 
ly  smoothing  the  MEC  Fast-VESTAL  result  is  expected  to  decrease  the 
sensitivity  (Le,.  positive  detection  rate)  of  the  method.  On  the  other 
hand,  under-smoothing  or  no-smoothing  may  cause  many  voxels  of 
the  brain  in  the  healthy  control  database  to  fail  the  K-S  test  for  Gaussian 
distribution,  thus  miss  some  key  areas  of  abnormal  slow- wave  genera¬ 
tion  in  mTBI  patients, The  best  smoothing  factor  is  the  one  that  can  bal¬ 
ance  the  above  two  factors,  Le..  having  the  majority  of  the  voxels  in  the 
hea  lthy  control  database  that  pass  the  K-5  test  for  Gaussian  distribution, 
while  maintaining  high  positive  detection  rates  for  abnormal  MEC 
slow-waves  in  patients  with  mTBI, 

2.9 .  Corre/aaona/  analyses  of  MEG  slow- wave  measures  and  IKS 

Correlation  analyses  were  performed  to  examine  the  neuronal  cor¬ 
relates  of  MEG  slow-wave  generation  and  PCS  scores  In  patients  with 
mTBI.  The  MEC  slow-wave  measures  include  the  ZcmajI  value  and 
voxel-based  MEC  source  magnitude  Z  values  in  MNl- 1 52  atlas  coordi¬ 
nates,  after  correction  For  age  and  gender  The  PCS  scores  were  the 
HISC  symptom  categories.  The  voxel-based  analysis  may  provide  impor¬ 
tant  spatial  information  of  the  slow-wave  generation  related  to  each 
PCS  category.  False  discovery  rate  (FDR)  controlled  family-wise  error 
(Benjamin!  and  Hochberg,  1995)  with  corrected  p-^  ,05. To  examine  po¬ 
tential  differences  between  blast  versus  non-blast  causes,  correlational 
analyses  were  performed  separately  fur  the  blast  mTBI  and  non-blast 
mTBI  groups. 
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3 .  Results 

3. l .  Positive  detection  rotes  of  MFC  s/ow-wove  imaging  for  different  groups 
o f  mTBl  patients 

MEG  source  magnitude  images  obtained  from  Fast-VESTAL  in  the  79 
healthy  control  subjects  were  used  to  establish  the  voxel- based  whole- 
brain  normative  database  in  MN1  space.  We  examined  the  effects  of 
different  spatially  smoothing  factors  by  applying  Gaussian  smoothing 
kernels  with  different  FWHMs  at  2  mm*  3  mm,  and  S  mm  respectively. 
Logarithm  transformation  was  performed  for  the  MEG  source  mag¬ 
nitude  images,  and  the  effects  of  age  and  gender  were  regressed 
out  when  constructing  the  normative  database  (see  Methods  and 
materials  section).  Fig.  1  showed  all  brain  voxels  in  the  normative  data¬ 
bases  with  different  smoothing  Factors  that  survived  the  K-5  test  lor 
Gaussian  distribution  with  the  alpha  value  of  0.05,  For  a  smoothing  ker¬ 
nel  of  2  mm  FWHM*  many  cortical  voxels  did  not  meet  the  requirement 
of  K-S  test  for  Gaussian  distribution,  indicating  under-smoothing.  In 
contrast,  for  a  smoothing  kernel  of  3  mm  FWHM,  the  majority  of  brain 
areas  in  the  normative  database  met  the  requirements  of  the  K-S  test. 
Some  deep  brain  areas  did  not  satisfy  the  requirement  of  Gaussian  dis¬ 
tribution  for  tins  smoothing  kernel.  This  smoothing  kernel  provided  the 
best  positive  detection  rates  of  abnormal  MEG  slow- waves  in  mTBl  (see 
below).  For  a  smoothing  kernel  of  8  mm  FWHM*  almost  the  entire  brain 
met  the  requirement  of  K-S  test  For  Gaussian  distribution.  However,  die 
detection  rates  of  MEG  abnormal  slow- waves  decreased  using  such  a 
kernel  (see  result  lie  low)*  which  indicated  over-smoothing. 

Fig.  2  shows  the  l^ax  values  (see  Methods  and  materials  section) 
obtained  from  MEG  source  magnitude  source  imaging*  plotted  sepa¬ 
rately  for  1)  healthy  control,  2)  mild  blast-induced  TBI,  and  3)  mild 
non-blast  TBL  There  was  minimal  overlap  of  the  values  between 
each  T8J  group  and  the  healthy  control  group,  with  the  patients  in  all 
FBI  groups  showing  markedly  higher  slow-wave  values  than  the 
healthy  control  subjects*  Such  results  provide  the  foundation  for 


Fig.  1.  Bra  in  voxels  thai  survived  the  K-S  lest  for  G.iussian  distribution  in  the  normative 
MUG  slow-wave  database*  Top  row  (yellow)  was  Tor  2  nira  FWHM.  middle  row  (green) 
for  3  mm  FWHM,  and  bottom  row  (blue)  for  8  mm  IWHM.  Left  column  {transverse 
plane),  middle  column  (coronal  plane),  tight  column  (sagittal  plane). 


Fig,  2.  values  obtained  from  M(;G  source  imaging  for  1  -A  Hz  ant  plotted  separately 
for  1 )  healthy  control,  2)  mild  blast-induced  TBI,  and  3)  mild  non -blast-induced  TBI, 
groups  respectively.  The  embedded  pint:  the  You  den  index  is  plotted  as  a  function  of 
the  la tui  eutofl  Hie  solid  and  dashed  lines  tn  both  plots  indicate  cutoff  values  of  2.50 
and  235.  respectively* 

assessing  abnormality  in  mTBl  using  MEG  slow-wave  source  imaging 
on  a  single-subject  basis. 

ITie  optimal  cutoff  (threshold)  for  was  obtained  from  the 
Youden's  index  curve  (embedded  pJol  in  Fig*  2)  using  79  healthy  con¬ 
trols  and  34  mTBl  patients  (blast  plus  non-blast).  The  cutoff  value  asso¬ 
ciated  with  the  peak  of  the  Youden's  index  was  2.35  (dashed  lines  in 
Fig.  2  and  embed)  which  corresponded  to  specificity  ( l  -  false- 
positive  rate)  of  98.7%.  We  chose  a  little  more  conservative  cutoff 
value  of 2.50  (solid  lines  in  Fig.  2  and  embed)  which  corresponded  to 
specificity  of  100%  (i.e*.  0  false  positive  rate,  no  healthy  control  subjects 
showed  2amn  value  above  this  threshold)*  With  this  threshold  (solid 
horizontal  line  in  Fig.  2).  the  positive  detection  rates  (i.e.*  sensitivity 
values)  were  86.1%,  833%,  and  84.5%  for  blast-induced,  non-blast,  and 
combined  (blast-induced  plus  non-blast)  mTBl  groups,  respectively. 

With  such  positive  detection  rates  of  the  MEC  slow-wave  source  im¬ 
aging  approach,  the  difference  between  each  mTBl  group  and  die  healthy 
control  group  was  expected  to  be  highly  significant  [but  not  necessarily 
among  different  mTBl  groups).  Two-tailed  t-tests  confirmed  that  in  com¬ 
parison  to  the  healthy  control  group,  the  values  are  indeed  signifi¬ 
cantly  higher  in  the  mild  blast-induced  TBI  (t  —  9.3.  p  <  ID-14),  and  in 
the  mild  non-blast  TBI  (t  =  10.4.  p  <  10“ 17)  groups.  However,  there 
were  no  significant  differences  in  the  ZcmM  values  between  the  two 
mTBl  groups. 

32 ,  Results  from  individual  mTBl  coses  using  si  hgJe-subjeet-  hosed  analysis 

Although  the  analysis  using  ZLm,1K  provides  crucial  information  for 
positive  detection  rate  that  may  assist  in  diagnosis,  it  does  not  address 
the  loci  and  characteristics  of  abnormal  slow-wave  generation  in  indi¬ 
vidual  TBI  patients.  The  voxel-based  Framework  based  on  Fast- VESTAL 
MEG  source  images  (see  Methods  and  materials  section)  provides  a  vi¬ 
able  single- subject- based  analysis  for  identifying  the  sources  of  abnor¬ 
mal  MEG  slow-wave  generation  in  individual  mTBl  patients.  Fig.  3 
shows  the  results  of  single-subject-based  analysis  revealing  statistically 
abnormal  MEG  slow -wave  generation  from  6  representative  niTR! 
cases*  The  results  were  shown  in  MN1  space*  The  abnormal  MEG  slow- 
wave  sources  were  heterogeneous  in  locations  across  these  mTBl  pa¬ 
tients.  In  Case  1.  sing  I  e-subject -based  analysis  showed  abnormal  MEG 
slow-waves  from  two  right  superior  frontal  areas.  In  Case  2,  the  abnor¬ 
mal  slow- waves  were  from  right  dorsal-lateral  pre-frontal  cortex 
(DLPFC)  and  right  ventral  temporal  pole  areas.  In  Case  3,  bilateral  frontal 
pole*  DLPFC*  and  right  occipital  areas  showed  abnormal  slow-waves.  In 
Case  4*  two  areas  within  left  DLPFC  and  one  area  in  ventral  posterior 
temporal  lobe  generated  abnormal  MEG  slow-waves*  In  Case  5, 
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Fig,  3+TSing?o3vi  bjcrl-bijsecl  analysis  showrng  statistically  abnormal  MKG  source  w^ve  sources  h  repress  native  nTBI  cases.  U?ft  column  (iransvcne  plane),  middle  column  (coronal 
plane},  rifihi  column  (i^giMal  jUne), 


posterior  parietal  lobe,  DIP  PC,  Pontal  pole  (FP),  and  cerebellum,  ell  in 
right  hemisphere  generated  abnormal  slow-waves,  Finally,  b  lateral  in¬ 
ferior  tempera!  lube  and  midlire  orbital  frontal  cortex  (OFC)  showed 
a  bn  orma  sk  w- w  a  ves  i  n  Ca  se  G . 

33  .  Percent  frtoefrhood  mops  ofcbmrrrat  MFC  s/o  w- wave  genera  tic  jt  in 
mTBf 

Ait  hough  the  location  of  slow- wave  generation  is  Nghly  heteroge¬ 
neous  in  locations  across  mTBl  patients,  analysis  was  performed  to  iden¬ 
tify  common  brain  areas  that  likely  generate  abnormal  MEG  sbw- 
waves  in  rrTBL  by  following  the  procedure  described  previous^  in 
Methods  and  materials  section.  The  percent  likelihood  maps  of  abnor¬ 
mal  MEG  slow- wave  generation  shewn  in  Fig.  4  revealed  that  the 
overall  percent  livelihood  level  from  any  specific  bram  area  was  low 
(5%-f  5^,  sec-  color  scale).  However,  the  following  area?  showed  higher 
likelihood  than  t  ie  rest  of  the  brain  for  generating  abnormal  slow- 
waves:  bilateral  DIPFC  bilateral  ventral  laieral  prefromal  cortex 
(VLPFC),  bikteral  FP,  right  OFC,  left  inferior- lateral -posterior  par  eta! 
lobe,  bilateral  inferior  temporal  lobes,  right  hippocampus,  and  bilateral 
ce rebel  la. 

14 .  The  effects  ff  over-smoorhing 

In  the  previous  section  we  observed  that  the  under-smoo  hing  with 
a  Gaussian  a  kernel  of  2  mm  FWMH  resulted  in  many  voxels  not  surviv¬ 
ing  the  K-S  :est  far  Gaussian  distribution  in  the  normative  database. 
Here,  we  examined  the  i  mpact  o  ' the  over-smoorhing  to  the  positive  de¬ 
tection  rates  in  MEG  slow- wave  source  imaging  apiroacx  using  a 
smoothing  kernel  of 8  mm  FWMH.  With  this  smoothing  kem  d  and  cut¬ 
off  value  chosen  at  100%  specificity,  the  positive  detection  rates  of  MEG 
slow- wave  imaghg  as  measured  by  Zc in4X  decreased  :o  27.7%  for  the 


b:asr  mTBl  gro.  p.  3 1 3%  for  the  non-blast  mTBl  group,  and  29,8%  for 
the  com  lined  mTBl  group.  These  values  ^re  markedly  lower  than 
those  ohrained  using  the  3  mm  FWMH  Gaussian  smoothing  kernel  re¬ 
ported  ir  pre virus  section.  Nevertheless,  even  with  this  8  mm  FWMH 
smoothing  kernel,  both  the  blast  mTBl  and  non-blast  mTBl  groups 
soli  showed  significantly  higher  thar  the  healthy  control  group: 
i  —  3.8,  p  10" 1  for  blast  mTBl  parie its  versus  control  subjects:  t  = 
5.1,  p  <  ID-5  for  non-blast  mTBl  patients  versus  control  subjects. 
There  was  no  significant  group  difference  ir.  Zcm ^  between  blast  and 
non-bias:  mTBl  groups  with  the  S  n:m  smcoriimg  kernel 

3.5 .  MEG  slow-wave  measures  correlated  with  PCS  m  mTBl 

Correlationa.  analyses  of  MEG  slow-We'V’  measures  and  PCS  were 
performed  in  trie  blast  as  well  as  ran -blast  mTBl  grotps.  In  the  blast 
irTRl  greup,  rhe  values  positively  correlated  win  anxiety  (r  = 
0.4t,  p  <  0.05  unrorrected).  and  apatriy  ( r  =  0.37,  p  <  0.C5  uncorrected), 
Ir  the  no  i-blast  mTBl  group,  the  Z^x  values  positively  correlated  with 
trouble  with  slerp  (r  —  0.29,  p  <  0.F5,  uncorrected).  However,  none  of 
ite  correlations  survived  FDR  conrecticn. 

In  contrast,  significant  correlations  (F  g  5)  were  round  with  the 
voxebbased  correlational  analysis  between  MEG  source  magnitude 
(2  values  in  MM -152  coordinates)  ard  PCS  scores.  Ir  the  blast  mTBl 
group,  personal  ty  change  symptoms  Ee.g..  sadal  problems)  positively 
correlated  with  MEG  slow-wave  generation  in  bilateral  OFC  and  ventro¬ 
medial  prefrontal  cortex  (vmpFC):  trouble  concentrating  and  affective 
lability  (quickly -changing  emotions)  symp-oms  both  positively  corre¬ 
lated  with  s low -wave  generation  in  right  OFC:  blurred  vision  or  other 
visual  difficulties  symptoms  positively  correlated  with  slow-wave  gen¬ 
eration  in  right  fusiform  gurus.  Fig,  5  also  rimws  that  m  the  non-blast 
mTBl  group,  depression  symptoms  positively  correlated  with  slow- 
wave  generation  in  anterior  cingulate  cortex  (ACC),  When  combining 
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Fig.  4.  Voxel-based  maps  showing  :he  perron  t  likelihood  of  abnormal  MEG  slow-wave  gen eratiom  across  the  whole  brain. 


the  blast  anc  non-blast  mTBI  groups,  only  MEG  source  magnitude  from 
the  right  OF7  was  positively  correlated  with  the  symptoms  of  trouble 
concentrating  in  the  combined  poo!  (  not  shown).  The  threshold  of  the 
voxel-based  analyses  was  at  the  corrected  p  =  0,05  ay  FtR 


4 .  Disciissicn 

4  I .  Detection  semitiv  ty  on  an  individual  level 

Using  the  automated  voxel- based  MEG  source  magi  Tg  approach 
(Fig.  2),  we  eund  abnormal  delta-waves  in  86.1%  o-' blast  mTBI,  833% 
the  norc-blan  mTBI  and  845%  for  ah  mild  TB1  patients  (blast-induced 
plus  non-blasr  causes L  All  mTBI  patients  were  symptomatic  with  ongo¬ 
ing  PCS  at  the  time  cf  the  MEG  exam.  These  positive  de:ectior  rates 
were  markedly  higher  than  the  <  1 0%  rate  using  the  conven  zional  neuro¬ 
imaging  approach  (Le.,  MR!)  in  the  same  mTBI  patients.  Furthermore, 
the  positive  MRI  find  ngs  in  our  mTBI  patients  could  not  be  attr  buted 
to  the  head  Trauma  atone  because  s  milar  MRI  abnormaht  es  were  also 
shown  in  subjects  without  a  history  ofTBl.  Our  results  are  consistent 
with  findings  from  previous  MEG  studies  in  mTBI  using  dipole  fit  to 
hand-select?d  slow-wave  epochs  [Lewine  et  al..  1999;  Lewine  et  aL 
2007).  The  resting-state  MEG  recording  procedure  is  spontaneous. 


requires  minimal  eFfort  Fram  TBI  patients,  and  is  thus  insensitive  to  pa¬ 
tients'  performance  and  effort.  We  controlled  for  any  other  factors  that 
may  increase  slow-wave  power  such  as  neuroleptic,  sedative,  or  hyp¬ 
notic  medications,  sleep  deprivation,  as  well  as  other  neurological  disor¬ 
ders  (stroke,  epilepsy,  bra  n  tumor,  etc.). These  results  corroborate  well- 
documented  EEC  findings  reporting  that  focal  delta- waves  signify  the 
presence  of  brain  injury  in  alert,  awake  adults  (Fisch,  1999;  Rowan 
and  Tolunsky,  2003).  Thus,  our  findings  underscore  the  diagnostic  util¬ 
ity  of  our  automated  and  voxel-based  MEG  slow-wave  source  imaging, 
based  on  Fast-VESTAU  particularly  for  mTBI, 


42 .  MEG  slow-wave  octiv'ty  associated  with  PCS 

It  is  also  interesting  that  the  voxel-based  correlational  analyses 
(Fig.  5}  showed  that  slow- wave  generation  in  areas  that  are  part  of 
the  ventral  prefrontal  cortex  (le,,OFCand  vmPFC)  positively  correlated 
with  personality  change,  trouble  concentrating,  and  affective  lability 
symptoms  in  the  blast  mTBI  group.  In  addition,  slow- wave  generation 
from  the  ACC  positively  correlated  with  depression  in  the  non-blast 
mTBI  group.  Many  of  these  symptoms  are  psychiatric-based  risk  factors. 
Present  findings  are  consistent  with  studies  showing  that  mTBI  in¬ 
creases  the  likelihood  of  developing  psychiatric- based  symptoms,  or 
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Pig,  5.  MEG  slow-wavz  source  magnitude  significantly  correlated  wuh  PCS  m  blast  mTBI  group  ;  first  4  panels)  atid  norv-b  ast  mTBI  group  {las:  pane!).  FDK  corrected  p  <  £3.05. 
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in  some  patients,  is  associated  with  the  develop  me  nt  of  psychiatric  dis¬ 
orders  {for  reviews,  see  Bryant  etak  2010;  Schwarz  bold  etal,  2008), 

Present  finding  arc  also  consistent  with  knowledge  that  damage  to 
ihe  prefrontal  areas  may  affect  executive  functions,  emotion,  mood,  as 
well  social  behavior  regulation  (Carlson,  2013;  KandeJ  et  ah,  2000). 
This  may  be  because  these  areas  have  rich  connections  to  many  cortical 
and  subcortical  areas.  For  example,  the  vmPFC  is  connected  to  and  re¬ 
ceives  input  from  the  ventral  tegmental  area,  amygdala,  temporal 
lobe,  olfactory  system,  and  dorsomedial  thalamus.  In  turn,  the  vmPFC 
sends  signals  to  amygdala,  temporal  lobe,  lateral  hypo  thalamus,  hippo¬ 
campal  formation,  cingulate  cortex,  and  other  regions  of  the  prefrontal 
cortex  (Carlson,  2013).  On  the  other  hand,  the  OFC  shares  extensive  re¬ 
ciprocal  connections  with  primary  artd  associated  somatosensory,  audi¬ 
tory,  and  visual  cortices,  as  well  as  areas  in  the  limbic  system  ( e,g„ 
hippocampus,  amygdala,  thalamus,  hypothalamus,  and  cingulate 
gyrus),  and  projects  to  the  motor  areas  reflecting  integration  for  execu¬ 
tive  motor  control  (Carlson,  2013),  The  abnormal  slow-wave  generation 
from  the  OFC  that  was  associated  with  trouble  concentrating  may  sug 
gest  a  deficit  of  sensory  integration  due  to  mTBL  In  addition,  the  associ¬ 
ation  between  slow- wave  generation  from  the  right  fusiform  gyrus  and 
the  symptoms  of  blurred  vision  or  other  visual  difficulties  in  the  blast 
mTBl  group  is  consistent  with  studies  showing  that  the  fusiform  gyms 
is  important  in  face,  object,  and  body  recognition  and  processing 
(Downing  et  aL,  2001:  Kan  wisher  et  al.,  1997;  Serge  nr  et  aL,  1992: 
Weiner  and  Grill -Spec  tor,  2010).  A  meta-analysis  showing  that  facial  af¬ 
fect  recognition  difficulty  is  common  after  TBI  (Babbage  et  al,  201 1 )  is 
also  consistent  with  present  findings. 

Using  the  dipule  location  density  method,  Wienbruch  (2007]  exam¬ 
ined  healthy  subjects  and  reported  that  male  subjects  had  significantly 
higher  frontal- centra  I  MEG  slow-wave  generation  near  ACC  than  Female 
subjects.  The  present  study  corrected  lor  both  age  and  gender  when  cal¬ 
culating  the  Fa st- VESTAL  source- magnitude  Z  scores.  As  such,  our  find¬ 
ing  of  ACC  MEG  slow-wave  activity  positively  correlation  with 
depression  in  the  non-blast  rn  FBI  group  was  controlled  for  gender  and 
age.  Nevertheless,  then?  were  more  males  than  females  (67  versus  12) 
in  our  healthy  control  group  (same  for  the  two  mTBl  groups)  when  con¬ 
structing  our  normative  database.  This  was  because  we  needed  to  bal¬ 
ance  our  blast  mTBl  group  which  contained  all  males  by  using  the 
same  normative  database  for  assessing  patients  in  both  the  blast  and 
non-blast  mTBl  groups.  Future  study  with  symmetrical  design  (more  fe¬ 
males)  m  all  three  groups  will  be  needed  to  thoroughly  address  if  and 
how  gender  modulates  these  findings. 

Using  the  same  dipole  location  density  method.  Rockstroh  and  col¬ 
leagues  examined  MEG  slow-waves  in  inpatients  with  schizophrenia 
and  affective  disorders  (Rockstroh  etal,  2007).  They  found  that  inpa¬ 
tients  with  schizophrenia  had  more  slow -wave  generators  with  maxi¬ 
ma  in  frontal  and  central  areas,  whereas  inpatients  with  affective 
disorder  had  Fewer  slow- wave  generators  in  similarfrontal  and  central 
regions.  In  the  present  study,  MEG  slow-wave  activity  in  ACC  positively 
correlated  with  depression  symptoms  in  the  non-blast  mTBl  patients. 
Although  depression  is  a  common  symptom  a  cross  schizoph  re  nia,  affec¬ 
tive  disorders,  and  mTBl,  direct  comparison  between  findings  from  the 
study  by  Rockstroh  and  colleagues  and  the  present  study  is  difficult 
due  to  the  following  two  factors:  1 )  these  are  three  different  brain  dis¬ 
orders;  2)  ail  subjects  with  schizophrenia  and  affective  disorder  in  the 
study  by  Rockstroh  and  colleagues  were  inpatients  treated  by  a  variety 
of  medications  including  the  neuroleptics,  whereas  all  of  our  mTBl  out¬ 
patients  were  free  of  sedative,  neuroleptic,  and  hypnotic  medications 
(see  exclusion  criteria).  Future  studies  in  which  the  effects  of  medica¬ 
tions  are  controlled  will  be  needed  to  address  the  correlation  between 
abnormal  slow-wave  generation  and  common  symptomology  (such  as 
depression)  across  different  disorders. 

It  is  not  dear  what  accounts  for  the  different  correlation  patterns  be¬ 
tween  MEG  slow- wave  source  imaging  and  TBI  symptomatology  in  the 
blast  versus  non-blast  mTBl  groups  (Fig.  5),  In  particular,  it  is  not  clear 
why  more  brain  areas  showed  a  significant  correlation  between  MEG 


and  mTBl  symptoms  in  the  blast  mTBl  group  than  in  the  non-bfast 
mi's]  group.  We  speculate  that  as  a  common  cause  in  the  former 
group,  blast  may  contribute  to  our  findings.  However.  Future  study  is 
needed  to  confirm  or  disprove  this  hypothesis. 

4.3 ,  Dpised  ftanrne  and  “vulnerable"  regions  for  mTBl 

The  present  study  also  revealed  the  diffuse  nature  of  the  neuronal  in¬ 
juries  in  TBI  patients  (Figs.  3  and  4).  Such  findings  are  consistent  with 
the  mechanism  of  diffuse  axonat  injury  in  TBI  due  to  a  combination  of 
linear  and  rotational  acceleration  and  deceleration  (Adams  et  al.. 
1989:  Arfanakis  et  al,  2002;  Basser*  1995;  Hulsman  et  al..  2QC4;  Niogi 
and  Mukherjec.  2010:  Niogi  et  al..  2008a;  Xu  et  al,(  2007),  The  results 
are  also  consistent  with  our  previous  findings  that  abnormal  MEG 
slow -waves  are  generated  from  cortical  gray-matter  areas  that  connect 
to  white- matter  fibers  with  reduced  DTI  fractional  anisotropy  due  to  ax¬ 
onal  injury  in  patients  with  mTBl  (Huang  et  al.  2009), The  diffuse  nature 
of  MEG  slow  wave  generation  h  iilso  consistent  wirh  a  DTI  study  in  blast 
mTB!  subjects  which  showed  reduced  FA  in  a  diffuse,  widespread,  and 
spatially  variable  pattern  (Davenport  et  ai„  2012). 

Although  the  location  of  slow-wave  generation  is  highly  variable 
across  mTBl  patients  (see  Fig.  3),  in  the  present  study  analysis  was  per¬ 
formed  to  identity  common  brain  areas  that  likely  generate  abnormal 
MEG  slaw-waves  in  mTBl  (see  Fig.  4).  Multiple  regions  in  the  Frontal 
lobes  (i.e..  DLPFC.  VLPFC  FF.  and  OFC)  were  more  likely  than  other 
brain  regions  to  generate  abnormal  MEG  slow- waves,  which  suggested 
that  the  frontal  lobe  is  probably  the  most  vulnerable  lobe  to  head  trau¬ 
ma.  In  addition,  the  posterior  parietal  lobe,  inferior  temporal  lobes,  hip¬ 
pocampus.  and  cerebella  also  have  a  relatively  higher  likelihood  for 
generating  abnormal  MEG  slow-waves  than  other  brain  areas,  indicat¬ 
ing  that  these  regions  are  also  particularly  vulnerable  to  head  trauma. 
A  forthcoming  study  that  correlates  the  MEG  slow- wave  with  cognitive 
functions  in  mTBl  will  examine  the  connection  of  slow- wave  generation 
and  abnormal  brain  function  (Robbet  aL  in  preparation), 

4.4 .  Neuronal  mechanisms  of  abnormal  slaw-waves 

Neurophysiological  studies  in  animals  have  shown  that  cortical  deaf- 
ferentation  caused  by  axonal  lesions  in  WM  is  an  important  factor  in 
pathological  delta-wave  production  in  CW  (Ball  et  al„  1977;  Gloor 
et  a I.,  1977).  We  believe  that  the  cortical  deafferen radon  caused  by  ax¬ 
onal  Injury  is  the  main  mechanism  for  abnormal  MEG  slow- wave  gener¬ 
ation  in  mlBI.  However,  pathological  delta- wave  production  can  also  be 
induced  by  deafferentation  following  the  administration  of  atropine  in 
WM  in  animals  (Sohaul  et  a!,,  1978),  It  is  known  that  atropine  is  a  com¬ 
petitive  antagonist  of  acetylcholine  receptors  and  can  block  and/or  limit 
the  cholinergic  pathway.  So  the  electrophysiological  similarity  of  lesion - 
induced  and  atropine-induced  slow  waves  raises  the  possibility  that  a 
defect  in  cholinergic  pathways  plays  a  role  in  pathological  slow-wave 
generation  (Sehaul,  1998).  It  is  possible  that  the  abnormal  MEG  slow- 
waves  in  mTBl  from  the  present  study  were  partially  due  to  blockage 
and/or  limitation  of  cholinergic  transmission  after  TBI,  in  addition  to  ax¬ 
onal  injury  in  WM,  In  the  human  brain,  the  projections  of  cholinergic 
pathways  highly  overlap  with  the  WM  fiber  tracts  (Seklen  et  aL 
199S),  which  make  the  cholinergic  pathways  similarly  susceptible  as 
WM  tracts  to  rotational  forces  during  head  trauma.  Like  axonal  injury, 
blockage  and/or  limitation  of  cholinergic  transmission  may  result  in 
cortical  deafferentarfon  and  pathological  slow  waves  that  are  expected 
to  alfen  human  brain  function  in  mTBl  patients. 

Abnormal  slow  waves  are  not  the  only  abnormal  findings  in  TBI.  A 
recent  MEG  study  in  a  group  with  mixing  mild,  moderate,  and  severe 
TBI  patients  showed  reduced  functional  connectivity  primarily  in  bilat¬ 
eral  frontal  and  left  greater  than  right  paricto-temporo-occipiLal  regions 
as  well  as  the  right  thalamus  (Tarapore  et  al.,  2013).  Another  recent 
MEG  study  in  sensor  space  also  showed  a  reduced  level  of  complexity 
in  mild  FBI  patients  (Luo  et  al., 201 3).  In  a  future  study,  we  will  examine 
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the  relationships  between  MEG  slow-wave  generation  and  functional 
connectivity  in  different  frequency  bands  in  rhTBL 

45  ,  Voxe/-teed  versus  RO/  approaches 

The  MEC  results  using  the  new  voxel-based  FkSt- VESTAL  approach 
were  similar  to  our  previous  ROI-  approach  frequency- do  main  VESTAL 
which  showed  positive  detection  rate  of  87%  (Huang  et  aL  2012),  how  ■ 
ever  larger  groups  of  mTBl  patients  were  examined  in  the  present  study. 
Furthermore,  the  voxel-based  Fast- VESTAL  approach  overcomes  ihe 
main  limitations  of  variable  sensitivity  associated  with  our  previous 
ROI-based  approach  using  frequency- domain  VESTAL  (Huang  et  al„ 
2012),  The  spatial-sensitivity  of  the  voxel -based  approach  is  more  uni¬ 
formly  distributed  across  the  brain  volume  whereas  the  sizes  of  96  cor¬ 
tical  RQIs  in  previous  ROl  based  approach  varied  substantially  from  one 
RGI  to  another.  Second,  as  shown  in  Fig.  3,  the  voxel-based  MEC  source 
images  can  be  informative,  with  good  spatial  resolution,  in  assessing  the 
abnormal  slow  waves  on  a  single  subject  basis.  In  mTBl  patients,  it  was 
common  that  multiple  regions  generated  abnormal  slow- waves.  It  has 
been  shown  that  VESTAL  and  Fast-VESTAL  approaches  can  localize 
neuronal  sources  with  a  variety  of  spatial  profiles  (e.g.,  focal,  multi¬ 
focal.  dipolar,  and  distributed)  and  a  variety  of  temporal  profiles  (e,g„ 
uncorrelated,  partially-correlated,  and  100%  correlated  source  time- 
courses)  (Huang  et  aL.  2006;  Huang  et  al„  2014),  Generators  of  abnor¬ 
mal  slow- waves  in  mTBl  patients  can  be  in  one  or  more  of  the  above 
spatial-and-temporal  profiles  (Huang  et  aL,  2009).  and  Fast-VESTAL 
based  MEC  source  imaging  is  ideal  to  handle  such  variability.  Third, 
the  voxel- based  framework  of  MEG  source  imaging  using  Fast-VESTAL 
(Huang  et  aL  2014)  allows  us  to  implement  many  imaging-processing 
and  statistical-analysis  tools  from  existing  software  packages  (FSL, 
AFNI,  Freesurfer,  etc,)  that  were  previously  designed  for  other  function¬ 
al  (e.g.,  fMRI  and  PET)  or  structural  neuroimaging  techniques. 

46 ,  Effect  of  spatial-smoothing  factor 

In  the  present  study  we  have  shown  tliar  the  spatial  smoothing  fac¬ 
tor  in  MEC  source  imaging  plays  an  important  role  in  the  positive  detec¬ 
tion  rate  of  abnormal  slow  waves.  Although  group  differences  were 
preserved,  high  spatial  smoothing  usings  mm  FWHM  kernel  markedly 
reduced  the  positive  detection  rate  of  abnormal  slow  waves  compared 
with  the  result  using  the  3  mm  smoothing  kernel.  This  finding  suggests 
that  the  abnormal  MEC  slow- wave  generation  may  be  more  of  a  local 
effect,  and  MEG  source  analysts  methods  with  high  spatial  resolution 
may  be  essential  in  detecting  abnormal  slow  waves  in  mTBL  In  the  pres¬ 
ent  study,  a  MEC  source  imaging  method  with  high  spatial  resolution 
(Le.,  Fast-VESTAL]  was  used  to  analyze  resting-state  MEG  data  in 
mTBl,  Previous  MEC  studies  by  Lewine  and  colleagues  used  dipole 
modeling  (another  MEG  source  analysis  with  focal  source  modeling) 
and  found  abnormal  slow  waves  in  65%-86%  of  mTBl  patients  (Lewine 
et  a!„  1999;  Lewine  et  aL,  2007).  Despite  the  robust  group  differences 
in  scalp  EEG,  the  positive  detection  rate  of  abnormal  slaw-waves  using 
scalp  EEG  was  substantially  lower  than  that  with  MEG  (Lewine  et  aL, 
1999),  Differences  in  positive  detection  rates  may  be  due  to  the 
smearing  effect  of  the  skull  Tissue,  which  with  its  poor  conductivity  sub¬ 
stantially  distorted  the  electric  fields  and  reduced  the  spatial  resolution 
of  the  EEG  signal  during  scalp  recording;  whereas,  head  tissues  are  es¬ 
sentially  transparent  to  MEC  signals. 

47  MEC  source  imaging  with  Fast-VESTAL  versus  other  approaches 

iruhe  present  study,  Fast-VESTAL  method  plays  an  essential  role  in 
assessing  the  source  magnitude  di  (Terences  m  mTBl.  Jt  was  shown  that 
Fast-VESTAL  can:  1)  provide  high  resolution  source  images  for  multiple 
correlated  sources;  2)  faithfully  recover  source  time-courses;  3)  per¬ 
form  robustly  in  poor  SNR  conditions;  4)  handle  correlated  brain 
noise;  and  5)  effectively  create  resring-state  MEG  source  images  that 


are  highly  consistent  with  known  neurophysiology  findings  (Huang 
et  aL,  2014).  We  have  also  shown  that  for  resting-sLate  MEG  signals, 
the  source  magnitude  images  obtained  with  beam  former  technique  (a 
popular  MEG  source  analysis  method)  were  not  as  consistent  with  neu¬ 
rophysiology  findings  as  those  from  Fast-VESTAL  (Huang  et  aL  2014). 
nits  is  likely  due  to  bea  informer’s  intrinsic  limitation  which  assumes 
that  the  neuronal  sources  are  uncorrelated  (Robinson  and  Vrba,  1999; 
Sekihara  et  aL.  2001 :  Van  Veen  etaL  1997),  a  questionable  assumption 
when  dealing  with  rcsting-state  MEC  signals, 

Wienbruch  introduced  a  different  voxel -based  res  dug- state  MEG 
source  analysis  approach,  in  which  a  sequential  single  dipole  model 
was  used  to  Fit  MEG  signal  for  each  time  point  {i.e.,  single  equivalent 
current  dipoles  were  fitted  for  each  time  point).  The  dipoles  with 
goodness-of-fit  (CoF)  >  0,9  were  kept.  Then,  vox  el -based  dipole  loca¬ 
tion  density  measure  was  used  to  establish  a  normative  database,  and 
a  2-score  statistics  was  used  to  assess  abnormalities.  Our  Fast-VESTAL 
source  imaging  approach  improves  upon  the  seminal  work  in  this  area 
by  Wienbruch  (2007)  in  two  ways.  First,  the  approach  by  Wienbruch 
is  less  able  to  handle  time  points  where  multiple  sources  contribute  si¬ 
multaneously  to  the  MEG  measures.  For  example,  in  many  such  cases, 
the  GoF  with  a  single  sequential  dipole  model  would  be  less  than  the 
0.9  threshold,  and  such  that  those  time  points  would  be  discarded 
from  further  analysis  in  Wienbrudi's  approach.  With  the  Fast-VESTAL 
approach,  all  time  points  free  of  artifacts  are  used  in  the  analysis  since 
Fasi-VESTALis  designed  to  model  multiple  highly  correlated  sources  si¬ 
multaneously,  Second,  the  dipole  location  density  measure  from 
Wienhrurids  approach  does  not  directly  take  into  consideration  of  the 
strength  differences  in  the  sequential  dipoles.  For  example,  two  dipoles 
with  different  strengths  (e,g„  one  is  twice  as  strong  as  the  other)  that 
both  meet  the  GoF  threshold  would  contribute  equally  to  the  dipole  lo¬ 
cation  density  measure.  In  contrast,  Fast-VESTAL  directly  assesses  the 
source  magnitude  differences  at  all  grid  locations,  which  is  also  a  key 
feature  that  differentiates  the  MEC  signals  from  one  subject  to  another. 

In  the  dipole-fitting  approach,  the  basic  assumption  is  that  the  neu¬ 
ronal  generators  of  MEG  signals  are  focal  and  can  be  modeled  by  one  or 
a  few  dipoles.  The  dipole  location  and  dipole  moment  parameters  are 
determined  by  an  over-determined  non-linear  optimization  procedure. 
In  fact,  an  automated  multi-dipole  approach  “multi-start  spatio- 
temporal"  method  was  developed  in  our  lab  in  the  past  to  model  multi 
pie  dipoles  without  the  requirements  of  the  initial  guess  of  the  dipole 
locations  (Huang  et  al,,  1998;  Huang  et  al..  2005).  However,  all 
dipole  modeling  techniques  require  the  number  of  dipoles  to  be  pre¬ 
estimated,  and  the  non-linear  optimization  procedure  becomes  ex¬ 
tremely  high  In  computational  costand  may  be  trapped  into  locai  min¬ 
ima  when  the  num  her  of  dipoles  increases.  Usually.  S- 1 0  dipoles  are  the 
upper  limit  that  the  dipole-fitting  methods  can  handle  (Huang  et  al., 
2005). 

In  the  Fast-VESTAL  approach,  the  brain  volume,  or  just  the  cortex  is 
pre-divided  into  a  source  grid  with  several  thousand  nodes,  and  a  dipole 
is  assigned  to  each  grid  node,  Fast-VESTAL  his  the  MEC  sensor  wave¬ 
forms  while  minimizing  the  total  current  across  all  grid  nodes  to  reduce 
the  ambiguity  of  the  multiple  plausible  solutions,  Fast-VESTAL  identifies 
the  grid  nodes  with  neuronal  activity  with  high  resolution,  and  sup¬ 
presses  the  magnitude  at  the  grid  nodes  without  neuronal  activity  to  es¬ 
sentially  zero  [Huang  et  aL  2014).  The  Fast-VESTAL  procedure  is 
efficient  in  computational  cost,  can  handle  many  correlated  as  well  as 
uncorrelated  dipolar  sources,  and  is  not  trapped  in  the  "local  minima". 
Robust  coiurot  mechanisms  were  built  into  the  Fast-VESTAL  algorithm 
to  fit  the  brain  signal  and  to  prevent  the  algorithm  from  fitting  correlat¬ 
ed  and/or  uncorrelated  noise  (Huang  et  aL.  2014). 

In  the  MEG  responses  that  are  known  to  con  tain  a  few  focal  neuronal 
generators  (e.g,.  in  the  case  of  human  somatosensory  responses  evoked 
by  median- nerve  stimuli),  both  Fast-VESTAL  and  multiple-dipole  fitting 
approaches  produced  sparse  solutions  that  are  very  similar  in  location 
and  source  time-course,  and  both  solutions  are  consistent  With  previous 
neurophysiological  fi ndmgs  (Huang  et  al,  2005 ;  Huang  et  aL.  201 4 ).  in  a 
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sense,  Fast-VESTAl  is  a  more  effective  and  improved  way  m  rinding  a 
sparse  solution  over  the  multiple-dipole  fit.  However,  systematic  com- 
pa  risons  of  Fast-VE5TAL  dipole-fitting  methods  including  the  single- 
sequential-dipole  fit  (Wienbruch,  2007)  and  multiple-dipole  fit 
(Huang  et  aL,  1998;  Huang  el  a)..  2005),  and  physiology  approaches 
are  an  interesting  research  topic  for  the  future,  but  are  currently  beyond 
the  scope  of  the  present  study. 

In  summary,  the  present  study  examined  the  sensitivity  of  our  new 
automated  voxel-based  whole-brain  MEG  slow-wave  imaging  ap¬ 
proach  based  on  Fast-VESTAL  for  detecting  abnormality  in  patients 
with  mild  TBI  on  a  single-subject  basis.  The  results  show  that  this 
MEG  slow-wave  source  imaging  method  achieves  a  positive  detection 
rate  of  S4.5%  for  the  mTBI  group  (blast-induced  plus  non-blast)  with 
the  threshold  chosen  at  a  zero  false  positive  rate*  The  results  showed 
that  although  abnormal  MEC  slow-wave  generations  in  individual 
mTBI  patients  were  highly  variable  in  space  with  a  diffuse  characteristic* 
the  prefrontal  tobe,  posterior  parietal  lobe*  inferior  temporal  lobe,  hip¬ 
pocampus,  and  ce rebel  la  were  particula  rly  vulnerable  to  head  trauma. 
The  result  also  showed  that  MEG  slow-wave  generation  in  prefrontal 
areas  positively  correlated  with  personality  change,  trouble  concentrat¬ 
ing.  affective  lability,  and  depression  symptoms.  In  addition,  we  found 
that  a  high  spatial  smoothing  factor  can  reduce  the  positive  detection 
rate  of  abnormal  MEC  slow-v/aves  in  mTBI,  which  suggests  that  MEG 
source  analysis  methods  with  high  spatial  resolution  may  be  essential 
for  mTBI  study.  We  believe  the  potential  neuronal  mechanisms  of 
MEG  slow -wave  generation  were  the  deafferen  tat  ions  caused  by  axonal 
injury  and/or  blockages/l  imitations  of  cholinergic  transmission  in  TBI. 
niis  study  provides  support  for  using  MEC  slow-wave  source  imaging 
to  localize  affected  areas  and  highlights  the  potential  use  of  this  meth¬ 
odology  for  the  clinical  diagnosis  of  mTBI 
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Post-traumatic  stress  disorder  (PTSD)  is  a  leading  cause  of  sustained  impairment,  distress,  and  poor  quality  oflire 
in  military  personnel,  veterans,  and  civilians.  Indirect  functional  neuroimaging  studies  using  PET  or  fMRI  with 
fear-related  stimuli  support  a  PTSD  neurodrruiuy  model  that  includes  amygdala,  hippocampus,  and  ventrome¬ 
dial  prefrontal  cortex  ( vniPFC),  However,  ilis  not  dear  if  this  model  can  fully  account  for  PTSD  abnormal!  Lies  de¬ 
tected  directly  by  el ec Lto mag n e li t> based  source  imaging  techniques  in  resting-state.  T  he  present  study 
examined  resting-state  magnetoencephalography  (MEG)  signals  in  23  active-duty  service  members  and  vet¬ 
erans  with  PTSD  and  3D  healthy  volunteers.  In  con trasi  to  the  healthy  volunteers,  individuals  with  PTSD  showed: 
1 )  hyperactivity  from  amygdala,  hippocampus,  posterolateral  orhltofronla!  cortex  (OFC).  dorsomediat  prefrontal 
cortex  (dmPFC),  and  insular  cortex  in  high-frequency  (Le,.  beta,  gamma,  and  high-gamma)  bands;  2) 
hypoartivity  from  vmPFC,  Frontal  Pole  (FP),  and  dorsolateral  prefrontal  cortex  (dIPFC)  in  high-frequency 
bands;  3)  extensive  hypoactivity  from  cflPFC,  FP,  anterior  temporal  lobes,  precuneous  cortex,  and  senson motor 
cortex  in  alpha  and  low-frequency  bands;  and  4)  in  individuals  with  PTSD.  MEG  activity  in  the  left  amygdala 
and  posterolateral  OFC  correlated  positively  with  PTSD  symptom  stores,  whereas  MEG  activity  in  vmPFC  and 
precun eous  correlated  negatively  with  symptom  score.  The  pr escnL  study  showed  that  MEG  source  imaging  tech¬ 
nique  revealed  new  abnormalities  in  the  resting-state  electromagnetic  signals  from  the  PTSD  neurocircuiity.  Par¬ 
ticularly.  posterolateral  OFC  and  precuneous  may  play  important  roles  in  the  PTSD  neurad  rail  try  model, 
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1.  Introduction 

Individuals  exposed  to  a  traumatic  event  may  develop  post- trauma  Lie 
stress  disorder  (PTSD)  with  debilitating  post- traumatic  stress  symptoms, 
including  intrusive  memories,  avoidance  behavior,  emotional  numbing, 
and  hyperarousal  (American  Psychiatric  Association,  2004).  PTSD  is  a 
major  health  concern  that  affects  approximately  7.7%  of  Americans 
(Kessler  et  at  1995. 2005)  and  is  particularly  prevalent  among  mil¬ 
itary  service  members  who  have  served  in  combat  (Dohrenwend 
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et  a l,  2Q0G;  Magruder  and  Yeager.  2009).  The  recent  conflicts  in 
Iraq  and  Afghanistan  have  been  no  exception,  with  combat  veterans 
returning  with  elevated  rates  of  PTSD  (Hoge  et  aU  2004;  Smith  et  alt 
2008:  Tamdian  andjaycox.  2008). 

In  light  of  these  findings,  much  effort  has  been  focused  on  determin¬ 
ing  symptom  etiology  and  the  associated  neural  mechanisms  of  PTSD. 
The  development  of  neuradreuitry  models  of  PTSD  has  relied  strongly 
on  findings  from  pre-clinicat  studies  of  fear  conditioning.  Evidence 
from  lesion  studies,  pharmacological  manipulations,  and  elect rophysi- 
ology  in  animals  and  humans  suggest  that  interactions  between  the 
amygdala,  ventromedial  prefrontal  cortex  (vmPFC),  and  hippocampus 
control  different  aspects  of  fear  processing  [Hartley  and  Phelps,  2010; 
Rosen  and  Lilienfeid,  2008).  The  amygdala  is  involved  in  acquisition  of 
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fear  conditioning  and  extinction  learning,  whereas  the  vmPFC  is  thought 
to  mediate  memory  storage  and  retrieval  during  extinction  learning.  Hip¬ 
pocampal  connections  to  the  amygdala  and  vmPFC  may  support  process¬ 
ing  contextual  information  of  threat-related  stimuli. 

Amygdala,  vmPFC,  and  hippocampal  regions  implicated  in  pro- 
clinical  fear  processing  are  thought  to  be  dysfunctional  in  PTSD  (Rauch 
et  jL  1998,  20DG).  Functional  n  euro  imaging  findings  using  positron 
emission  topography  (PET)  and  functional  magnetic  resonance  imaging 
(fMRI)  suggest  that  individuals  with  PTSD  exhibit  hyperresponsive 
amygdala  activity  to  trauma  or  fear-related  stimuli  (Shin  and  Uberzon. 
2010).  during  emotionally  neutral  tasks  (Bryant  et  al,  2005;  Shin 
et  aL,  2004b),  and  even  at  rest  (Chung  et  al.,  2006;  Semple  et  a!., 
2000).  A  hyperresponsive  amygdala  contributes  to  the  exaggerated 
fear  response  characteristic  oFPTCD  (Anderson  et  al,.  2003),  Conversely, 
PTSD  has  been  associated  with  a  hyporesponsive  vmPFC  (Hughes  and 
Shin.  201 1 ).  A  hyporesponsive  PFC  as  well  as  reduced  connectivity  to 
the  amygdala  (Jin  et  al,  201 3;  Shin  et  al.,  2004a)  may  indicate  insuffi¬ 
cient  inhibitory  control  over  exaggerated  fear  responses.  Lastly,  abnor¬ 
mal  hippocampal  function  (Corcoran  and  Maren.  20O1)  and  reduced 
connectivity  to  the  amygdala  (Dolcos  et  al.  2004;  McCaugh,  2004) 
may  be  associated  impairments  in  contextual  memory  processing  and 
the  ability  to  inhibit  intrusive  memories  (Shm  et  al..  2004a).  although 
findings  have  been  mixed  (Hughes  and  Shin,  201 1 ).  A  recent  resting- 
state  fMRI  study  showed  increased  activity  in  amygdala  and  reduced 
spontaneous  neural  activity  in  the  dlPFC,  but  no  abnormal  decrease  of 
rusting-stare  fMRI  activity  in  the  vmPFC  (Yan  et  aL  2013). 

Neuroimaging  studies  using  PET  and  fMRI  have  contributed  greatly 
to  understanding  PTSD  neurorircuiffy  in  humans;  however,  these  tech¬ 
niques  measure  metabolic  and  hemodynamic  changes  which  reflect 
neuronal  activity  indirectly  (Logorhetis,  2003).  in  addition.  PET  and 
fMRI  techniques  have  limited  temporal  resolution  (minutes  to  seconds) 
and  consequently  limited  coverage  and  resolution  in  the  frequency  do¬ 
main.  Since  neurons  communicate  to  each  other  via  exchanging  electric 
current  signals,  direct  electrophysio logical  measures  are  required  to 
study  neurophysiological  processes  that  are  associated  with  these  he¬ 
modynamic  signals  (Schotvinck  et  aL  2013).  PET  and  fMRI  studies  also 
have  implicated  different  neural  pathways  that  may  be  hyporesponsive 
m  PFSD;  thus,  there  is  some  remaining  discrepancy  whether  PTSD  is  as¬ 
sociated  with  reduced  activity  in  Lhe  vmPFC  ordlPFC  pathways.  Further¬ 
more,  although  the  orbitofrontal  cortex  (OFC)  is  usually  considered  to 
be  part  of  the  extended  limbic  system,  the  contribution  of  OFC  to  PTSD 
has  not  been  fully  elucidated. 

Electromagnetic  measures  such  as  magnetoencephalography  (MEG ) 
provide  direct  measurements  of  neuronal  activity  with  millisecond 
temporal  resolution.  Using  a  single  dipole  model.  Kolassa  and  colleagues 
reported  elevated  production  of  focal ly  generated  slow  waves  ( 1-4  Hz) 
in  FT5D.  particularly  in  left  temporal  brain  regions,  with  peak  activities 
in  the  region  of  the  insula.  Using  a  MEG  sensor-space  synchronous  neu¬ 
ral  interactions  analysis.  Ceorgopoulos,  Engdahl.  and  their  colleagues 
correctly  classified  individuals  with  PTSD  and  healthy  control  subjects 
with  >90%  overall  accuracy  of  classification  (Ceorgopoulos  et  al.  2010). 
They  also  found  differences  in  MEG  communication  measures  between 
temporal  and  parietal  and/or  parietooccipital  right  hemispheric  areas 
with  other  brain  areas  in  PTSD  (Engdahl  et  at,  2010).  However  in  sensor 
space,  it  is  difficult  to  determine  whether  the  structures  identified  by  PET 
and  IMRIin  P15D  neurocircuitry  generate  abnormal  electromagnetic  ac¬ 
tivity.  Namely,  whether  electro  magnetic- based  source  imaging  tech¬ 
niques  will  lead  to  similar  or  different  findings  from  those  obtained  in 
PET  and  fMRI  m  PTSD  neurodreuitry  has  largely  been  unexplored. 

In  the  current  study,  we  examined  neural  activity  associated  with 
PTSD  using  resting-state  MEG.  MEG  is  a  non-invosive  functional  imaging 
technique  that  directly  measures  magnetic  signals  generated  by  neuro¬ 
nal  current  in  gray  matter  with  high  temporal  resolution  (<1  ms)  and 
spatial  localization  accuracy  (2-3  mm  at  cortical  level)  (Leahy  et  ah. 
1998).  MECs  high  temporal  resolution  directly  translates  into  a  wide 
range  of  coverage  for  the  neuronal  magnetic  signals  in  the  frequency 


domain,  which  is  usually  divided  into  different  frequency  bands,  MEG’s 
insensitivity  to  the  electric  conductivity  profile  of  the  head  tissue 
makes  it  a  better  technique  than  electroencephalography  [EEC)  in  lo¬ 
calizing  neuronal  sources.  Our  newly  developed  high- resolution  MEG 
source  imaging  method  called  Fast-VESTAL  allowed  us  to  perform 
voxel-wise  whole- brain  source  imaging  of  human  brain  rhythms  in 
healthy  volunteers  (Huang  et  al..  20 1 4a).  and  makes  MEG  source  imag¬ 
ing  a  good  candidate  For  localizing  abnormal  electromagnetic  signals  in 
disorders  such  as  PTSD.  The  primary  goal  for  this  study  was  to  examine 
if  the  existing  PTSD  neurodreuitry  model  including  the  amygdala. 
vmPFC  and  hippocampus  can  account  for  abnormalities  detected  di¬ 
rectly  by  electromagnetic-based  source  imaging  techniques  in  resting- 
state.To  achieve  this  goal,  we  used  high- resolution  MEG  source  imaging 
technique  for  direct  examination  or  neuronal  activity  in  PTSD.  especially 
in  the  areas  that  we  think  to  be  abnormal,  i.e.  amygdala,  vmPFC,  OFC, 
hippocampus,  dlPFC,  dmPFC  including  dorsal  anterior  cingulate  cortex 
(dACC),  insular  cortex,  and  precuneous.  In  addition,  using  MEG,  wc 
are  able  to  explore  potential  MEG  abnormalities  in  different  frequency 
bands  which  are  associated  with  different  neuronal  mechanisms  (see 
Discussion),  and  compare  MEG  findings  with  previously  published  re¬ 
sults  from  other  functional  imaging  techniques  that  have  been  used  to 
study  PTSD. 

Z  Materials  and  methods 

2.1 .  Research  participants 

Twenty-five  participants  (24  males,  l  female:  mean  [5D|  age:  31,0 
[5.5])  with  PTSD  took  part  in  this  study.  Among  these  participants,  10 
were  active-duty  Marines  and  Sailors  from  Camp  Pendleton  and  Naval 
Medical  Center  in  San  Diego,  and  15  were  adult  outpatient  OEF/OIF  Vet¬ 
erans  recruited  from  VA  San  Diego  Healthcare  System.  Mean  [$DJ  years 
of  education  for  the  participants  with  PTSD  were  13.2  ( 1.4).  All  partici¬ 
pants  gave  wrirren  informed  consent  for  study  procedures,  which 
were  reviewed  and  approved  by  institutional  review  boards  of  the  VA 
San  Diego  Healthcare  System  and  Naval  Health  Research  Center  at  San 
Diego.  The  informed  consent  followed  the  ethical  guidelines  of  the  Dec¬ 
larations  of  Helsinki  (1975)  and  additional  research  requirements  for 
active-duty  military  personnel  and  veterans. 

Symptoms  of  PTSD  were  assessed  using  the  Clinician  Administered 
PTSD  Scale  (CAPS)  (Blake  ei  al.,  1995)  or  the  Post- traumatic  Stress  Dis~ 
order  Checklist  (PCL)  (Weathers  et  al..  1999)  in  accordance  with  the 
criteria  from  the  Diagnostic  and  Statistical  Manual  of  Mental  Disorders 
IV -TR  (American  Psychiatric  Association,  2000).  A  total  of  18  partici¬ 
pants  met  the  criteria  for  PTSD  and  7  met  the  criteria  for  partial  PTSD. 
Participants  who  completed  the  CAPS  met  the  criteria  for  PTSD  (n  — 
14)  if  they  reported  at  least  1  re- experiencing  symptom,  3  avoidance 
symptoms,  and  2  hyperarousal  symptoms;  patients  met  the  criteria 
For  partial  PTSD  (n  =  5)  if  they  reported  at  least  1  re-experiencing 
symptom  and  either  3  avoidance  symptoms  or  2  hyperarousal  symp¬ 
toms  (Blanchard  et  al.,  1995).  Symptoms  must  have  occurred  at  least 
once  within  the  past  month  (frequency  > 1 ) and  have  caused  a  moder¬ 
ate  amount  of  distress  (intensity  >  2)  (Weathers  et  al.,  1 999, 20D1 ).  Par¬ 
ticipants  who  completed  Lhe  PCL  questionnaire  and  had  a  minimum 
total  score  of  50  met  the  criteria  for  PTSD  (n  =  3),  and  those  with  scores 
from  39  to  49  met  the  criteria  for  partial  PTSD  (n  =  2)  (Hoge  et  al,.  20QS; 
Iversen  ei  al.,  2908;  Renshaw,  2011:  Weathers  era)..  1993).  5tudy  par¬ 
ticipants  with  partial  PTSD  and  PTSD  were  analyzed  together  (n  —  25) 
to  maintain  statistical  power  and  to  examine  broad  group  differences 
in  PTSD  neurorirtuitry.  The  PTSD  patients  were  not  on  medications  at 
the  time  of  the  MEG  exam.  All  had  discontinued  any  psychotropic  med¬ 
ications  prior  to  the  scan,  and  at  least  at  5-day  wash-out 

We  recruited  thirty  healthy  volunteers  (29  male,  1  female;  mean 
[SDJage:  29.8  [6,4 1)  with  no  history  of  neurological  or  psyebia  trie  disar- 
ders  assessed  by  Structured  Clinical  Interview  for  DSM-tV,  Among  these 
healthy  volunteers,  12  were  active-duty  military  personnel  and  1 S  were 
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civilians.  Mean  [SD]  years  of  education  were  13,4  [l  *7)*  There  were  no 
statistically  significant  differences  in  age  or  education  between  the 
healthy  volunteer  and  FTSD  groups. 

Exclusion  criteria  for  study  participation  were  as  follows:  1 )  other 
neurological*  developmental  or  psychiatric  disorders  [e.g,*  brain 
rumor,  stroke,  epilepsy,  Alzheimer’s  disease,  or  schizophrenia*  bipolar 
disorder,  history  of  learning  disability,  or  lesions  visible  in  structural 
MRI);  2 )  substance  or  alcohol  abuse  according  to  DSM-IV  criteria  within 
the  6  months  prior  to  the  study;  3)  history  of  metabolic  or  other  diseases 
known  to  affect  the  central  nervous  system  (Diltmen  et  al*,  1 995):  and  4) 
extensive  metal  dental  hardware  (e.g.,  braces  and  large  metal  dentures; 
fillings  are  permitted)  or  other  metal  objects  in  the  head,  neck*  or  face 
areas  tliat  cause  non- removable  MEG  artifacts. 

22.  MEG  data  acquisition  and  sign al  pre-processing  to  remove  artifacts 

Resting-state  MEG  data  ( spontaneous  recording  for  detecting  MEG 
slow- wave  signals)  were  collected  at  the  UCSD  MEG  Center  using  the 
VeetorView™  whole-head  MEG  system  (Elekta-Neuromag,  Helsinki, 
Finland)  with  306  MEG  channels.  Participants  sat  inside  a  multi-layer 
magnetically -shielded  room  (IMEDCO-AC)  (Cohen  et  al*.2G(J2),  Precau¬ 
tions  were  taken  to  ensure  head  stability;  Foam  wedges  were  inserted 
between  the  participants  head  and  the  inside  of  the  unit,  and  a  Velcro 
strap  was  placed  under  the  participant's  chin  and  anchored  in  superior 
and  posterior  axes.  Head  movement  across  different  sessions  was  about 
2-3  mm.  MEG  recording  was  divided  into  two  5-minute  blocks  with 
eyes  dosed,  alternating  with  two  5-minute  blocks  with  eyes  open.  In 
the  eyes-dosed  condition,  the  participant  was  instructed  to  keep  his/ 
her  eyes  closed  and  empty  his/her  mind.  In  the  eyes-open  condition, 
the  participant  was  instructed  to  fix  his/her  eyes  on  a  fixation  point 
and  empty  his/her  mind.  The  order  of  blocks  was  counter  balanced 
between  participants.  Data  were  sampled  at  1000  Hz  and  were  run 
through  a  high-pass  filter  with  a  0.1  Hz  cut-off  and  a  low-pass  filter 
with  a  3 GO  Hz  cut-off  The  filter  associated  with  MEG  data  acquisition 
is  a  first-order  time-domain  filter  with  3  dR  around  the  cut-off  points. 
Eye  blinks,  eye  movements,  and  heart  signals  were  monitored.  Since 
I  he  MEG  eyes -open  data  were  contaminated  with  eye-blinks  in  many 
part  id  pants,  we  focused  on  analyzing  the  eyes-dosed  data  in  the  present 
study. 

Substantial  efforts  were  taken  to  help  ensure  thaL  participants  were 
alert  during  the  MEG  recordings.  Participants  were  scheduled  early  in 
the  day  ro  avoid  fatigue  from  performing  daily  activities.  Prior  to  all  of 
the  study  sessions,  participants  completed  a  questionnaire  about  the 
number  of  hours  they  slept  the  previous  night,  how  rested  they  felt, 
and  if  there  was  any  reason  that  they  might  nor  be  attentive  and  per¬ 
form  ro  the  best  of  their  abilities  (due  to  headache,  pain*  etc).  Sessions 
alternated  between  eyes-dosed  and  eyes-epen  conditions*  and  eye 
blinking  and  movement  were  monitored.  During  MEG  recording,  partic¬ 
ipants  were  viewed  on  camera  while  technicians  also  monitored  alpha 
band  oscillations,  which  are  consistently  associated  with  tonic  alertness 
(Oken  etal„  2006). 

Eyes -closed  MEG  data  were  first  run  through  MaxFilter*  also  known 
as  signal  space  separation  (Songet  al.  2008:  Taulu  et  aU2004a*b)  to  re¬ 
move  external  sources  of  interference  (e.g*.  magnetic  artifacts  due  to 
metal  objects,  strong  cardiac  signals,  environment  noises),  and  to  co¬ 
register  the  MEG  data  by  removing  the  small  head  movements  across 
the  two  5-minute  eyes-closed  sessions.  Next,  residual  artifacts  due  to 
eye  movements  and  residual  cardiac  signals  were  removed  using  Inde¬ 
pendent  Component  Analysis  using  our  customized  version  of  1CAIAB 
software  ( www,bsp.brarn*riken.]p  ICALAB/)* 

2.3.  Structural  MH1,  MEG-MR1  registration  BEM  forward  calculation 

Structural  MRI  of  the  participant's  head  was  collected  using  a 
General  Electric  1*5T  Excite  MR]  scanner.  The  acquisition  contains 
a  standard  high-resolution  anatomical  volume  with  a  resolution  of 


0,94  *  0.94  x  |,2  mm3  using  a  T I -weighted  3D-IR-FSFGR  pulse  se¬ 
quence,  To  co-regisrer  the  MEG  with  MRI  coordinate  systems,  three 
anatomical  landmarks  (i*e**  left  and  right  pre-auricular  points*  and 
nasion)  were  measured  for  each  participant  using  rhe  Probe  Position 
Identification  system  (Polhemus,  USA),  By  using  MRILAB  (Eleku/ 
Neuromag)  to  identify  the  same  three  points  on  rhe  participant's 
MR  images,  a  transformation  matrix  involving  both  rotation  and 
translation  between  the  MEG  and  MR  coordinate  systems  was  generated 
To  increase  the  reliability  of  the  MEG-MR  co- registration,  approximately 
SO  points  on  the  scalp  were  digitized  with  the  Polhemus  system,  in  addi¬ 
tion  to  the  three  landmarks,  and  those  points  were  co- registered  onto  the 
scalp  surface  of  the  MR  images.  The  T1  -weighted  images  were  also  used 
to  extract  the  brain  volume  and  innermost  skull  surface  (SECLAB  software 
developed  by  Elekta/Neuromag),  Realistic  Boundary  Element  Method 
[BEM)  head  model  was  used  for  MEG  forward  calculation  [Huang  et  al„ 
2007;  Mosher  el  aL  1999).  The  BEM  mesh  was  constructed  by  tessellaling 
the  inner  skull  surface  from  the  T1  -weighted  MRI  into  -6000  Triangular 
elements  with  ~5  mm  size,  A  cubic  source  grid  with  5  mm  size  was 
used  lor  calculating  the  MEG  gain  (i.e*,  lead- field)  matrix,  which  leads  to 
a  grid  with  -10,000  nodes  covering  the  whole  brain.  Other  conventional 
MRI  sequences  typical  for  identifying  structural  lesions  were  also 
performed:  I )  Axial  T2* -weigh  ted;  2)  Axial  fast  spin-echo  12- weighted; 
and  3)  Axial  FLAIR.  These  conventional  MRJs  were  carefully  reviewed  by 
a  Board -certified  neuroradiologist  (R.R.  Lee)  ro  determine  if  the  partici¬ 
pant  had  visible  lesions  on  MRL  Subjects  with  lesions  visible  in  MRI 
were  excluded  from  the  study  (see  exclusion  criteria). 

2*4  MEG  s/otv-wa  ve  source  magnitude  imaging  usmg/ust- VESTAL 

The  voxel-wise  MEG  source  magnitude  images  were  obtained  using 
our  recent  high-resolution  Fast- VESTAL  MEG  source  imaging  method 
(Huang  et  at..  2014a).  This  approach  requires  the  sensor  waveform  co- 
variance  matrix.  Here,  the  second  5-minute  resting-state  MEG  sensor- 
waveform  dataset  was  registered  to  the  first  5-minute  resting-state 
dataset  using  Max  Filter.  The  arlifact-free*  eyes-dosed,  resting-state 
MEG  sensor-waveform  datasets  were  divided  into  2,5  s  epochs*  flic 
data  in  each  epoch  were  first  DC -corrected  and  then  run  through 
band-pass  filters  for  the  following  frequency  bands;  alpha  band 
(8-12  Hz),  beta  band  ( X 5-30  Hz),  gamma  band  (30-80  Hz),  high- 
gamma  band  (80-150  Hz),  and  low-frequency  band  (1-7  Hz)  that 
combined  delta  (1-4  Hz)  and  theta  bands  (4-7  Hz).  Notch  filters  at 
60  Hz  and  120  Hz  were  applied  to  remove  the  power  line  signals  and 
their  second  harmonics.  Frequency-domain  band-pass  filter  with  zero 
phase-shift  via  discrete  Fourier  transform  was  used.  At  each  end  of  the 
band-pass  filter*  the  transition  of  the  Hanning  window  in  the  filter 
was  selected  to  be  at  10%  of  the  associated  cut-off  frequency. 

Waveforms  from  all  306  sensors  including  204  planar-gradiometers 
and  102  magnetometers  were  used  in  the  analysis.  For  each  frequency 
band*  sensor- waveform  covariance  matrices  were  calculated  for  individ¬ 
ual  epochs  after  the  band- pass  filtering*  then,  the  final  sensor- waveform 
covariance  matrix  was  obtained  by  averaging  the  covariance  matrices 
across  individual  epochs  for  the  10-minute  resting-state  data.  Using 
such  a  covariance  matrix,  MEG  slow- wave  source  magnitude  images 
that  cover  the  whole  brain  were  obtained  for  each  participant  following 
the  Fast- VESTAL  procedure  (Huang  et  al„  2014a)  fora  given  frequency 
band. 

The  brain  volume  ts  pre-divided  into  a  grid  of  dipoles  with  P  nodes* 
Let  R  be  rhe  M  x  M  sensor- wave  form  MFC  covariance  matrix  where 
M  is  the  number  of  MEG  sensors  For  a  given  frequency  band  (e,g„  beta 
band)  and  time-window  (e.g.,  length  of  an  epoch):  and  G  be  the 
M  x  2  P  gain  (lead- field)  matrix  calculated  from  MEG  forward  modeling 
for  the  pre-defined  source  grid  with  P  dipole  locations,  with  each  dipole 
location  having  two  orthogonal  orientations  ( Le*,  fi  and  40*  In  the  spherical 
MEC  forward  head  model*  (land  4*  represent  the  two  tangential  orienta¬ 
tions  for  each  dipole  location,  whereas  in  a  realistic  MEG  forward  model 
using  the  Boundary  Element  Method  (BEM),  the  6  and  fti-orientations 
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are  obtained  as  the  two  dominant  orientations  from  the  singular-value 
decomposition  (SVD)  of  the  M  *  3  lead-field  matrix  for  each  dipole,  as 
previously  documented  (Huang  et  al*.  2006). 

Bigen- value  decomposition  is  performed  for  the  sensor- waveform 
covariance  matrix: 

R  =  t/aW  ~u„sBsB’uBr  (l) 

where  the  diagonal  dements  in  are  simply  the  square  root  (SQRT) 
of  the  corresponding  eigenvalues  of  R  which  are  the  diagonal  elements 
in  X*  Next,  SVD  is  performed  for  the  gain  matrix  G; 

C-t/e^s  (2} 

The  dimensions  Ibr  U^.  S  T  and  are  M  x  M,  M  x  2P*  and  2P  x  2P.  re¬ 
spectively.  Following  the  procedure  in  ( Huang  et  al.,  20 1 4a).  a  distribut¬ 
ed  source  solution  for  Eq.  2  can  he  expressed  as: 

Us5b  =  UpfcVjH  (3) 

The  2P  >  M  matrix  H  is  called  the  distributed  source  spatial  map 
matrix.  The  goal  of  MEG  inverse  source  imaging  is  to  obtain  H  for 
given  R  in  Eq.  3.  However,  Eq,  3  Is  under-determined,  with  the  number 

of  unknown  variables  in  each  column  of  H  =  [h,,h2M++ht . hM| 

(l,e**  2P)  much  larger  than  the  number  of  measurements  in  each  col¬ 
umn  of  UaSB  —  [sjU^Ua . s*u+ . s^u^j  e  -  M).  so  additional 

constraint^}  are  needed  to  obtain  a  unique  solution  For  Eq*  3.  Here, 
the  number  of  signal  (dominant)  spatial  modes  k  is  usually  much 
smaller  than  the  number  of  MEG  sensor  measurements  M.  After  mul¬ 
tiplying  from  the  left  side  with  UCT*  for  individual  dominant  spatial 
modes  of  Eq*  3,  Eq.  3  can  be  written  as; 

tfe«A-5BVcM“li2 . fe  l4) 

where  i  =  i  2 . fc  are  the  indices  of  spatial  modes  in  sensor  space* 

by  introducing  additional  minimum  Ll-norm  constraints  (Huang 
et  al.*  2014a)  to  Eq.  4*  one  can  obtain  the  Fast-VESTAL  solution  for  hs: 

tntmw*  Ifylh  subject  to  constraints  1  =  T2,  *..,Jt  (5} 

where  the  2P  x  1  vector  is  the  source  imaging  map  associated  with 
the  dominant  spatial  mode  vector  u  (dimension  M  *  1 )  of  the  sensor 

domain.  In  Eq.  5,  w  \/diag[ d  2P  x  i  weighting  vector  chosen 
to  remove  potential  bias  towards  grid  nodes  at  the  superficial  layer 
(Huang  et  al.,  2014a),  After  solving  for  h  and  hence  H  using  Eq.  5,  the 
Fa st -VESTAL  source  imaging  result  can  he  obtained  on  the  source  grid 

as: 


A  =  \Jdiag(HHT)  16) 

which  is  the  2P  x  1  source  magnitude  value  across  grid  nodes.  The 
main  Feature  of  A,  the  Fast -VESTAL- based  distributed  source  solution, 
is  that  it  is  highly  sparse,  with  many  of  its  elements  being  either  zero 
or  dose  to  zero,  as  a  direct  consequence  of  It  -norm  minimization.  An 
Objective  Pre-whitening  Method  was  applied  to  remove  correlated  en¬ 
vironmental  noise  and  objectively  select  the  dominant  eigen- modes 
(i*e.T  k)  of  sensor- waveform  covariance  matrix  (Huang  et  al.  2014a)* 

2,5 .  Statistical  analysis  of  MEG  source  magnitude  images 

Statistical  analysis  was  performed  separately  for  each  frequency 
band.  MEG  source  magnitude  imaging  volumes  obtained  from  Fast- 
VESTAL  that  cover  the  whole  brain  from  all  healthy  control  and  PT5D 
participants  were  first  spatially  smoothed  using  a  Gaussian  kernel 
with  3  mm  full  width  half  maximum  (FWHM)*  and  then  co-registered 


to  an  MNI- 152  brain-atlasiemplateusmgFLlK'l  program  in  ESI  software 
package  (httpr//www.fmrib.ox*ac*uk/fsl/).  For  each  voxel  in  the  MNI 
space,  the  MEG  source  magnitude  data  were  run  through  a  logarithm 
transformation*  A  two-tailed  f-test  was  performed  to  assess  the  group 
difference  for  each  voxel  of  the  brain  volume  in  the  MNI  space*  False  dis¬ 
covery  rate  ( FDR)  was  used  to  control  the  family- wise  error  [Bcnjamini 
and  Hochberg,  1995)  with  t/<  .05*  The  above  procedure  was  performed 
for  each  of  the  frequency  bands  separately* 

2.6 *  Corrdorion  with  symptom  scores  in  PTSD 

For  brain  areas  that  showed  group  differences  within  a  specific  fre¬ 
quency  band.  regions  of  interest  (ROls)  were  obtained  by  grouping  the 
voxels  together.  We  were  specifically  interested  in  the  ROIs  that  covered 
amygdala*  vmPFC,  OFC.  precuneous,  and  dlPFC.  Within  each  KOI.  we 
performed  a  correlational  analysis  between  MEG  source  magnitude 
and  S^TSD  symptom  score.  The  analyses  were  performed  in  the  20  par¬ 
ticipants  with  PTSD  or  partial  PTSD  as  measured  by  CAPS  Total  score. 
The  remaining  5  participants  with  PTSD  or  partial  PTSD  as  measured 
by  PCL  were  not  included  in  this  correlational  analysis. 

3.  Results 

3J.  Refa-bund  MEG  source  magnitude  imaging  results 

Fig*  1  shows  group  differences  between  participants  with  FPSD  and 
healthy  volunteers  in  resting- state  MEG  source  magnitude  for  the 
beta -band  ( 15^30  Hz},  Increased  beta -band  activity  in  TOD  (hyperac¬ 
tivity,  PTSD  >  controls)  was  generated  From  bilateral  amygdala  and 
left  anterior  hippocampus  (white  arrows),  left  and  right  posterolateral 
OFC  (magenta  arrows}*  several  regions  within  the  right  insular  cortex, 
bilateral  middle  temporal  gyri,  right  posterior  cingulate  cortex  (PCC* 
brown  arrow),  bilateral  junctions  of  PCC  and  lingual  gyri,  and  left 
occi  pi  to-temporal- parietal  junction*  In  addition*  Fig.  1  shows  decreased 
beta-band  activity  in  PTSD  [bypoactivity.  PTSD  <  controls)  from  vmPFC 
(green  arrows)  including  rostral  anterior  cingulate  cortex  (rACC)  and 
medial  OFC,  bilateral  FPs  (more  R  than  L),  bilateral  caudate,  bilateral 
dlPFC  (more  R  than  L)t  right  superior  frontal  gyrus,  mid-line  supple¬ 
mentary  motor  areas  (SMA),  right  anterior  aspect  of  superior  temporal 
gyrus,  bilateral  precuneous  cortices,  and  bilateral  sensorimotor  cortices 
(more  R  than  L),  For  a  region,  an  asymmetry  is  reported  when  one 
hemisphere  has  twice  or  more  voxels  being  significant  than  the  equiva¬ 
lent  region  in  the  opposite  hemisphere. 

12  Gamma  and  high-gamma-bunds  M EC  source  magnitude  imaging 
results 

The  upper  panel  of  Fig*  2  shows  increased  gamma-band  ( 30-80  Hz) 
activity  in  PTSD  compared  to  the  healthy  control  group  that  was  gener¬ 
ated  from  left  and  right  posterolateral  OFC  (magenta  arrows,  more  l 
than  R),  bilateral  dmPFC  including  the  dorsal  pa  racing  u  late  cortices 
and  dorsal  anterior  cingulate  cortex  (dACC)  (more  L  than  R).  several  re¬ 
gions  within  the  bilateral  insular  cortices,  bilateral  ac  ci  pi  to- temporal- 
parietal  junctions  (more  L  than  R).  bilateral  temporal -occipital  fusiform 
coulees  (more  R  than  L),  left  occipital  fusiform  gyrus  and  right  lingual 
gyrus*  and  right  dorsomedial  occipital  cortex.  The  upper  panel  or  Fig*  2 
also  shows  decreased  gamma-band  activity  in  PTSD  compared  to  the 
control  group  from  vmPFC  (green  arrows)  including  rACC  and  medial 
OFC*  bilateral  FPs  (more  R  than  L),  right  dlPFC*  mid -line  SMA,  and 
right  sensorimotor  cortices* 

The  lower  panel  of  Fig*  2  shows  increased  high-gamma-band 
(80- 1 50  Hz)  activity  in  PTSD  from  left  amygdala  and  hippocampus 
(white  arrows]*  left  posterolateral  OFC  (magenta  arrows)*  right  dACC, 
leff  FP,  several  regions  within  the  bilateral  insular  cortices,  bilateral 
Qccipito-temporal-parietal  junctions  (more  L  than  R).  and  right 
dorsomedial  occipital  cortex.  The  lower  panel  of  Fig*  2  also  shows 
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Pig,  t.  Abnormal  beta  band  ( 15-30  Hz)  MEG  arivity  in  PTSD.  fcd-ydlow  color  scale  indicates  increased  [hyper-)  activity  in  F\W  over  health  commls,  Wtvtwas  blue-cyan  color  scale  in¬ 
dicates  decreased  (hypo-)  activity  in  mD  over  health  control*.  White  arrows;  amygdala  arid  hippocampus  activity.  Green  arrows;  vmPFC  activity,  Magenta  a  nows:  posterolateral  OFT 
activity.  Brown  arrow;  PCC  activity,  Fhe  t -threshold  of  2i)  is  associated  with  IUR  corrected  p  ,05. 


Rfr  2.  Top  panel;  abnormal  gamma  band  {3Q-E0  Hz)  MEG  activity  in  FTSD;  bottom  panel:  abnormal  high-gamma  band  [BO-150  Hz)  MEG  activity  in  PJSD,  Red  yellow  color  scale  indicates 
increased  (hyper-  j  activity  in  PISD  over  liealri  controls,  whereas  blne-cyrn  color  scale  indicates  decreased  (hypo-j  cctivity  in  K1SD  over  health  controls.  White  arrows;  amygdala  and 
hippocampus  activity.  Green  arrows:  VmPPC  activity.  Magenta  arrows:  po.lerolatera]  GFt  activity.  The  t-threshold  of  19  is  associated  with  TDR  corrected  p  ,05, 
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decreased  high-gamma-band  activity  in  PTSD  from  mid-line  vmPFC 
(green  arrows)  including  rACC and  medial  OFC*  right  dlPFC  and  right 
sensorimotor  cortices, 

3.3*  Alpha  and  low-frequency  bands  MFC  source  magnitude  imaging 
resuits 

Although  PTSD  was  associated  with  both  hyper-  and  hypoaetivity  in 
die  beta,  gamma,  and  high-gamma  bands,  alpha  hand  MEG  activity  was 
largely  hypoactive  in  PTSD  w  hen  compared  with  the  healthy  volunteers. 
The  upper  panel  of  Fig.  3  shows  significantly  decreased  alpha-band  ac¬ 
tivity  in  PTSD  generated  from  bilateral  FPs.  bilateral  dlPFC  (more  R 
than  L),  right  superior  frontal  gyrus,  bilateral  anterior  aspects  of  superi¬ 
or  temporal  gyri  (more  R  than  L),  bilateral  precuneous  cortices,  and  bi¬ 
lateral  sensorimotor  cortices  (more  R  than  L)*  In  contrast,  only  the  left 
ocdpito-temporaf-parietal  junction  showed  increased  alpha-band  ac¬ 
tivity  in  PTSD. 

PTSD  was  also  strongly  associated  with  hypoaetivity  in  the  low- 
frequency  band  compared  to  the  healthy  volunteers.  The  lower  panel 
of  Fig,  3  shows  significantly  decreased  alpha-band  activity  in  PTSD 
generated  from  bilateral  FPs.  bilateral  dlPFC  (more  R  than  L)*  bilateral 
anterior  aspects  of  superior  temporal  gyri  (more  R  than  L)*  bilateral 
precuneous  cortices,  and  bilateral  sensorimotor  cortices  (more  R  than 


L).  Similar  to  the  patterns  observed  in  the  alpha  band,  only  the  left 
occi  pi  to- temporal- parietal  junction  showed  increased  low-frequency- 
band  activity  in  PTSD. 

3  A  Results  of  MEG  source  magnitude  correlating  with  P7SD  symptoms 

Positive  correlations  between  resring-srare  MFC  activity  and  CAPS 
Total  symptom  scores  were  Found  in  left  amygdala  (beta  band,  r  = 
T 0*5 1 ,  p  <  ,05)  and  left  posterolateral  OFC  (also  in  beta  band,  r  = 
+  0,55*p  <  ,05 )*  indicating  the  stronger  the  resring-state  MEG  activity 
in  these  areas,  the  more  severe  the  PTSD  symptoms*  In  addition,  nega¬ 
tive  correlations  between  re  sting- stare  MEG  activity  and  total  CAPS 
symptom  scores  were  found  in  midline  vmPFC  (beta  band,  r  =  -  D5S, 
p  <  .01:  gamma  band,  r  =  -0*63,  p  <  *01;  and  high-gamma  band, 
r  —  -0.60* p  <  .01  )*  and  rnkHine  precuneous  (alpha  band*  r  =  -0.48. 
p<  .05)*  indicating  the  weaker  the  resring-state  MEG  activity  in  these 
areas,  the  more  severe  the  PTSD  symptoms* 

4*  Discussion 

For  the  first  rime  to  our  knowledge*  the  present  study  shows  that  in¬ 
dividuals  with  PTSD  have  abnormal  electromagnetic  activity  that  can  be 
directly  fmqged  by  resring-state  MEG  source  imaging  technique  for  all 


Fie*  3.  Top  panel:  abnormal  alpha  band  (8-12  Hz}  MEG  activity  in  JTSD;  bottom  :  abnormal  low -frequency  hand  ( 1  -7  Hz )  MEG  activity  m  PTSD.  The  [-threshold  of  23  is  associated 
with  FDR  corrected  p  <  .05, 
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Frequency  bands.  PI^SD  was  associated  with:  1 )  MEC  hyperactivity  From 
amygdala,  hippocampus,  posterolateral  OFC,  dmPFC,  insular  cortex,  and 
PCC  in  high  Frequency  bands  (Le.,  beta,  gamma,  and  high  gamma 
bands);  2)  MEC  hypoactivity  from  vniPFC,  FP*  and  dIPFC  in  the  high 
Frequency  bands;  3)  extensive  MEC  hypoactivity  From  dIPFC*  FP*  an¬ 
terior  temporal  lobes,  precuneous  cortex,  and  sensorimotor  cortex  in 
alpha  and  low-frequency  bands,  with  dIPFC  and  sensorimotor  cortex 
hypoactivity  more  prominent  in  right  versus  left  hemispheres;  and 
4)  resting- st aLe  MEC  activity  in  left  amygdala  and  posterolateral 
OFC  positively  correlated  with  PTSD  symptom  scores,  whereas  MEG 
activity  in  vmPFC  and  precuneous  correlated  negatively  with  the 
FTSD  symptoms. 

Neuronal  activity  from  different  frequency  bands  is  considered  to  re¬ 
flect  different  neuronal  mechanisms,  Th alamo-cortical  interactions  are 
essential  for  alpha  rhythms,  and  normal  alpha-band  activity  is  associat¬ 
ed  with  functional  inhibition;  specifically,  increased  alpha-band  power 
in  a  brain  area  was  linked  to  reduced  functional  connectivity  with 
other  brain  areas  (De  Munck  et  aL*  2009;  Hlndriks  and  van  Putten, 
2013;  Scheeringa  et  aL  2012).  Activity  in  the  beta  band  is  associated 
with  communication  between  remote  brain  structures,  whereas  gamma 
synchrony  promotes  local  computations  (Knpell  ef  ah,  2000;  Singer, 
1999).  Although  the  gamma  band  electromagnetic  signals  are  generated 
locally,  non-local  brain  areas  can  still  show  significant  functional  connec¬ 
tivity  as  measured  by  coherence  related  to  the  gamma  band  signals.  Using 
combined  electrophysblogical  and  fMRl  measurements,  studies  in  froth 
human  and  animals  showed  that  gamma-band  power  exhibits  spatial  co¬ 
herence  over  long  timescales  with  the  strongest  coherence  between  func¬ 
tionally  related  areas  that  are  not  necessarily  local  (He  et  aL,  2008;  Nir 
et  aL.  2008;  Schotvinek  et  aL  20 1 0, 201 3;  Shrrmel  and  Leopold,  2008 ),  Un¬ 
like  alpha-band  activity,  beta  and  gamma-band  activity  does  not  neces^ 
sarity  have  to  involve  thalamus.  Theta- band  signals  have  been  reported 
in  previous  EEC  studies,  although  these  signals  were  predominantly 
task-activated  (e+g..  problem  solving)  (Mizuki  et  aL  1980, 1984, 1992; 
Niedermeyer  arid  Lopes  da  Silva.  2005;  Takahashi  ei  ah  1997).  Increased 
low-frequency  brain  rhythms  in  delta  band  were  often  seen  in  individuals 
with  neurological  disorders.  e.g.  epilepsy  and  traumatic  brain  injury 
(Baayen  et  aL.  2003:  de  Jongh  et  aL,  2003:  Decker  and  Knott,  1972; 
Huang  et  aL,  2009.  2012.  2014b;  Lewine  et  aL.  1999;  Lewme  and 
Orrisoa  1995;  Nagata  et  aL,  1985;  Vieth  et  aL,  1996).  When  examin¬ 
ing  the  mechanism  of  abnormal  delta  rhythms,  electrophysiological 
studies  in  animals  show  that  abnormal  delta  activity  is  from  gray 
matter  neurons  that  have  experienced  deafferentalion  due  to  neuro¬ 
logical  injuries  in  underlying  white  matter,  resulting  from  axonal  in¬ 
jury  or  blockage/limitarion  in  the  cholinergic  pathways  [Ball  er  aL, 
1977:  Clearer  aL.  1977;  Schaul  er  aL.  1978;  SchauL  1998). 


4-L  MEG /hidings  in  amygdala  and  hippocampus 

Individuals  with  FTSD  showed  amygdala  hyperactivity.  Our  MEG 
findings  are  consistent  with  previous  PET  and  FMRl  findings  of  hy- 
perres pensive  amygdala  activity  in  PTSD  (Rauch  et  aL,  1998,  2006), 
which  is  one  of  the  most  robust  functional  neuroimaging  findings 
in  FTSD  (Hughes  and  Shin,  201 1  ),The  amygdala  Is  involved  in  process¬ 
ing  threat- re  la  ted  stimuli  (Davis  and  Whalen,  2001;  Morris  et  aL,  1998; 
Whalen  et  aL  1998,2001 )  and  is  necessary  lor  fear  conditioning  (Davis 
and  Whalen,  2001;  LcDoux,  2000;  Shin  et  aL  2006).  Moreover,  the 
amygdala  is  a  key  component  in  the  neurocircuitry  mode!  of  PESO 
(Rauch  et  aL.  2006).  The  present  MEG  study  shows  that  the  amygdala 
hyperactivity  in  FTSD  can  also  be  detected  using  electromagnetic  source 
imaging  measures,  which  increases  the  confidence  in  our  MEC  tech¬ 
nique  For  detecting  new  abnormalities  in  PTSD.  Furthermore,  we  dem¬ 
onstrate  that  amygdala  hyperactivity  was  only  observable  in  the  high 
frequency  bauds  {Le.„  beta  and  high-gamma  bands).  In  addition,  the 
MEG  hyperactivity  in  PTSD  from  left  hippocampus  in  beta  and  high- 
gamma  bands  is  also  consistent  wilh  the  current  PTSD  neumrircuitry 


model  (Rauch  et  aL  2006),  although  the  findings  from  previous  PET 
and  fMRl  in  this  region  have  been  mixed  (Hughes  and  Shin,  2011). 

42.  MEG  findings  in  dmPFC  and  irtstriu 

The  MEC  gamma-band  hyperactivity  from  dmPFC,  including  the 
dACC*  in  PTSD  was  also  consistent  with  prior  PET  and  FMRl  findings 
(Bremner  et  aL,  1999;  Feinting  ham  et  aL,  2009;  Pannu  et  aL  2009: 
Shin  et  aL,  2001,2007,201 1  ),The  dmPFC  including  the  dACC  is  thought 
to  play  an  important  role  in  a  variety  of  cognitive  processes  such  as  per¬ 
formance  monitoring,  response  selection,  error  detection,  and  decision 
making  (Shin  et  a!..  201 1 ).  In  addition,  PTSD  was  associated  with  in¬ 
creased  MEG  insular  activity.  Our  findings  are  consistent  with  studies 
that  used  trauma-event-script-driven  imagery  with  SPECT  (Undauer 
et  aL,  2008)  and  FMRl  (Linius  etaL  2007),  as  well  as  widi  studies  that 
used  emotional  and  trauma-unrelated  stimuli  with  PET  and  FMRl 
(Hughes  and  Shin,  201 1 ).  Painful  stimuli  have  also  been  shown  to  in¬ 
crease  insular  activity  in  PTSD  (Ccuzeet  aL,  2007;  StrigoetaL.  2010). 
The  insular  cortex  processes  information  about  the  body's  internal  state 
and  contributes  to  the  autonomic  component  of  the  overall  pain  re¬ 
sponse.  It  has  been  suggested  that  the  insular  cortex  integrates  the 
sensory,  affective,  and  cognitive  components  necessary  for  normal  re¬ 
sponses  to  pain  (Kandel  et  aL.  2000).  Abnormal  insular  activity  in 
PTSD  may  reflect  a  deficit  in  integrating  these  components,  thereby 
contributing  to  an  abnormal  pain  response  (Nagai  et  aL,  2007). 

43.  MEG  findings  in  vmPFC 

MEG  hypoactivity  from  vmPFC  in  PTSD  was  consistent  with  findings 
from  PET  and  fMRl  studies  (Hughes  and  Shin,  201 1;  Rauch  et  aL.  1998, 
2006),  Hyporesponsive  vtnPFC  is  another  key  component  in  the  current 
neuro circuitry  model  of  PTSD  (Rauch  et  aL  2006),  which  suggests  that 
hyporesponsive  vmPFC  fails  to  suppress  the  amygdala  (Rauch  et  aL, 
2006;  Shin  et  aLt  2006). The  vmPFC  is  connected  to  and  receives  input 
from  the  ventral  tegmental  area,  amygdala,  temporal  lobe,  olfactory  sys¬ 
tem,  and  dorsomedial  thalamus.  In  turn,  vmPFC  sends  signals  to  amyg¬ 
dala.  temporal  lobe,  lateral  hypothalamus,  hippocampal  formation, 
cingulate  cortex,  and  certain  other  regions  of  rhe  prefrontal  cortex 
(Carlson.  2013).  In  the  present  study,  hypoactivity  in  vmPFC  associated 
with  PTSD  was  evident  in  beta,  gamma,  and  high-gamma  bands,  but  not 
the  lower  frequency  bands.  These  findings  suggest  that  the  beta-  and 
gamma-band  interactions  between  vmPFC  and  amygdala  may  not  in¬ 
volve  thalamus,  as  evidenced  by  the  lack  of  group  differences  in  vmPFC 
m  thalamus-dependent  alpha  band  activity  (Hindriks  and  van  Putten. 
2013). 

4.4.  Resting-state  MEG  versus  resting-state  fMRl 

We  used  a  rests  ng-state  protocol  that  is  insensitive  to  stimulus  fea¬ 
tures  and  participant  performance.  Furthermore,  we  focused  on  examin¬ 
ing  MEG  source- magnitude  images  rather  than  functional  connectivity 
(Jin  et  aL  2013).  Our  protocol  was  similar  to  a  recent  resting-state  fMRl 
study  of  com  bat- related  PfSD  that  used  a  magnitude  imaging  approach 
(Yan  et  aL*  2013).  Our  findings  are  consistent  with  Van  and  colleagues* 
who  also  found  that  individuals  with  PTSD  showed  increased  activity  in 
amygdala,  insular  cortex,  dnd  OFC  as  well  as  decreased  activity  in  dIPFC 
superior  frontal  gyrus,  and  precuneous  cortex.  Despite  these  similarities, 
participants  with  IT5D  in  the  present  study  showed  decreased  MEG  activ¬ 
ity  in  vmPFC  (beta. gamma,  and  high-gamma  bands,  see  Figs,  l  and  2)  and 
bilateral  FP  areas  (Figs,  1-3)*  whereas  Van  and  colleagues,  in  their  fMRl 
study  showed  increased  activity  in  a  similar  region  (Yan  et  aL  2013). 
Although  it  is  known  that  the  fMRl  measurements  in  ventral  frontal 
lobe  areas  are  challenging  to  obtain  due  to  signal  loss,  imaging  distortion, 
and  susceptibility  artifacts  ( Czervlonke  et  aL.  1988;  Domsch  et  aL,  2013)* 
the  exact  reason  of  the  decreased  MEG  versus  increased  FMRl  resting- 
state  activity  in  vmPFC  is  unknown. 
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Overall,  the  beta- band  MEG  source  Imaging  maps  are  similar  to  the 
fMRI  maps  of  Yan  and  colleagues,  except  for  the  activity  In  vmPFC 
Such  a  degree  of  similarity  across  two  different  imaging  modalities 
( Le.,  electromagnetic  measures  from  MEG  ami  hemodynamic  measures 
from  fMRl )  is  likely  due  to  beta-band  synch  ran  ization  over  long  conduc¬ 
tion  delays,  which  corresponds  to  signals  traveling  a  significant  distance 
across  brain  regions.  Electrophysiologicai  studies  of  the  rat  hippocam¬ 
pus  have  shown  that  the  beta  rhythm  allows  neuronal  synchrony  at 
large  time  delays,  while  the  gamma  band  allows  such  synchrony  at 
short  delays.  Thus,  beta  synchrony  promotes  communication  between 
remote  structures,  whereas  gamma  synchrony  promotes  local  compu¬ 
tations  (Kopell  et  al,  20130;  Singer,  1999).  Interestingly,  more  recent 
work  in  identifying  MEG  correlates  of  rMKI  testing-state  networks  has 
found  that  power  fluctuations  in  the  beta  band  produce  spatial  net¬ 
works  very  similar  to  fMRl  resting-state  networks  (Brookes  et  al., 
201  lb).  Our  findings  suggest  that  abnormal  beta-band  neuronal  activity 
in  PTSD  is  likely  a  candidate  for  the  abnormal  fMRl  signal  observed  by 
Van  and  colleagues  (Yan  et  al.  2013). 

The  consistent  finding  of  decreases  of  resting-state  activity  in 
precuneous  and  dlPFC  associated  with  PTSD  in  the  present  MEG  study 
(in  beta,  alpha,  and  low- frequency  bands)  and  in  the  fMRl  study  by 
Yan  et  al  (Yan  et  al,  20 1 3)  highlight  the  contribution  of  these  regions 
in  PTSD  neuron  ami  try.  The  precuneous  is  a  key  region  of  the  ‘default  - 
made  network  (DMN)"  in  resting  brain  which  has  been  detected  by 
fMRl  (Fransson  and  Manelcc.  2008)  and  MEC  (Brookes  ct  al. 201 1  b). 
furthermore,  the  precuneous  plays  a  pivotal  rale  in  how  intrinsic  activ¬ 
ity  is  mediated  throughout  the  DMN,  and  helps  sustain  a  sense  of  self- 
consciousness  in  self- referential  mental  thoughts  during  rest  (Cavanna 
and  Trimble.  2006;  Fransson  and  Marrelec,  2008).  Non-trauma  related 
words  elicit  decreased  precuneous  fMRl  activity  in  PTSD.  and  the  de¬ 
crease  in  precuneous  activity  is  correlated  with  CAPS  scores  (Ceuze 
et  ah,  2008).  Dissociative  symptoms  of  patients  with  PTSD  may  play  a 
role  in  the  decreased  activation  of  precuneous  (Ceuze  et  a  I.,  2008), 
The  dlPFC  Is  a  key  region  Tor  a  variety  of  executive  brain  functions 
such  as  working  memory,  attention,  and  other  executive  functions.  It  fa¬ 
cilitates  goal-directed  behavior  through  indirect  modulation  of  the 
amygdala  response  to  threat,  possibly  through  connections  with  the 
temporal  cortex  (Bishop,  2008;  Gold  et  al..  2014;  Mitchell.  201 1 ).  In 
the  present  study.  MEG  hyperactivity  in  both  right  dlPFC  and  anterior 
temporal  lobe  in  alpha,  beta,  gamma,  and  tow- frequency  (Figs,  1-3)  is 
consistent  with  the  modulation  deficit  of  the  dtPFOanicrior  temporal 
amygdala  pathway  in  PESO.  Using  a  task  involving  cognitive  regulation 
of  negative  affect  via  reappraisal,  Rabinak  and  colleagues  found  that 
PTSD  patients  engaged  the  dlPFC  during  cognitive  reappraisal  albeit  to 
a  lesser  extent  than  the  control  participants  (Rabinak  et  al.  2014).  In  a 
longitudinal  conical  thickness  study,  individuals  with  PTSD  showed 
greater  dlPFC  thickness  in  a  follow-up  exam  about  1  year  after  l he  trau¬ 
ma  than  in  the  acute  exam,  and  greater  dlPFC  thickness  was  associated 
with  greater  PTSD  symptom  reductions  and  better  recovery  (Lyou  et  al, 
2 011 ),  On  the  other  hand,  healthy  volunteers  showed  greater  dlPFC  ac¬ 
tivation  and  increased  amygdala  connectivity  to  threats  compared  to 
non-threat  condition  (Gold  et  al.  2014).  Elevated  activity  in  dlPFC  was 
also  observed  in  PTSD  during  a  maintenance  period  of  working  memory 
in  an  fMRl  test  (Moores  et  al,  2008).  Future  functional  imaging  studies 
of  PTSD  are  needed  to  examine  the  association  between  resting-state 
dlPFC  activity  and  dlPFC  responses  to  different  types  of  working  memo¬ 
ry  and/or  attention  stimuli. 

In  an  event  related  potential  (ERP)  study  of  combat  veterans  with 
PTSD  after  mild  TBI  by  Shu  and  colleagues,  PCC  and  precuneous  areas 
exhibit  greater  ERPs  evoked  by  emotional  facial  stimuli  (Shu  et  al, 
2014).  In  the  present  study,  PCC  also  showed  hyperactivity  in  the 
beta-band  testing-state  MEG  source  image  (brown  arrow  in  Pig.  1 ).  a 
finding  consistent  with  the  above  ERP  study.  However,  the  hyperactive 
precuneous  is  seen  In  our  re  sting- state  MEG  source  image  across 
many  frequency  bands,  also  observed  in  resting-state  fMRl  by  Yan  and 
colleagues  (Yan  et  al.,  201 3)t  seems  to  be  different  from  the  greater 
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ERPs  in  precuneous  found  by  Shu  and  colleagues  using  emotional  stim¬ 
uli.  Additional  studies  are  needed  to  directly  examine  the  association 
between  resting -state  electromagnetic  signal  and  evoked  responses, 
as  well  as  the  Impact  of  mild  TBI  on  PTSD. 

4.5,  MFC  findings  in  OFC 

Another  Interesting  finding  From  the  present  study  is  the  increased 
activity  from  the  posterolateral  OFC  areas  in  beta,  gamma,  and  high 
gamma  bands.  Our  finding  is  consistent  with  fMRl  findings  of  increased 
resting- state  activity  in  PTSD  (Yan  etaL  2013).  The  OFC  is  closely  con¬ 
nected  to  the  limbic  system,  especially  the  amygdala,  and  is  sometimes 
regarded  as  part  of  the  expanded  limbic  system  (Nauta,  1979),  While 
regions  known  to  be  part  of  the  existing  neurodreuitry  model  of  PTSD 
(le.,  amygdala,  vmPFC  and  insular  cortex]  have  been  studied  extensive¬ 
ly  ( Rauch  ei  al,  1 998, 2006;  Shin  et  alt  2006),  the  role  of  the  posterolat¬ 
eral  OFC  in  PTSD  is  unclear  and  should  be  examined  further.  Based  on 
our  MEC  findings,  posterolateral  OFC  activity  increased  with  PTSD 
symptom  severity,  thus  OFC  and  its  interactions  with  the  amygdala 
may  be  added  to  the  existing  neurodreuitry  model  of  PTSD.  This  idea 
is  supported  by  studies  that  show  that  OFC  has  direct  anatomical  projec- 
tions  to  the  amygdala  and  hippocampus  via  the  uncinate  Fasciculus  in 
humans  (Bach  et  al,  2011;  Talairath  and  Tournoux.  198S)  as  well  as 
in  non-lruman  primates  (Carmichael  and  Price,  1995).  It  was  also 
shown  that  such  projections  were  abnormal  in  some  psychiatric  disor¬ 
ders  such  as  conduct  disorder  (Passa  mnnti  et  al,  20 12),  bipolar  disorder 
{Benedetti  eta l,  201 1 ),  and  schizophrenia  (jackowski  et  at  2012).  Fur¬ 
ther  studies  are  needed  to  confirm  whether  disrupted  interactions  be¬ 
tween  OFC-amygdala  may  be  implicated  in  PTSD. 

4.6,  Decreased  MEG  alplm-hand  activity  in  PTSD 

Individuals  with  PTSD  showed  extensive  MEG  alpha-band 
bypoacrivity  from  dlPFC  FP.  anterior  temporal  lobes,  precuneous  cor¬ 
tex,  and  sensorimotor  cortex.  Neuronal  modeling  studies  showed  that 
thalamo-cortical  interactions  are  essential  to  the  generation  of  alpha 
rhythms  (Freyer  et  al,  2011;  Hindriks  and  van  Putten,  2013;  Lopes  da 
Silva  et  al,  1997).  Combined  EEC  and  fMRl  studies  have  also  shown 
that  increased  alpha-band  power  in  a  brain  area  is  associated  with  re¬ 
duced  functional  connectivity  with  other  brain  areas,  suggesting  that 
alpha-band  activity  is  associated  with  functional  inhibition  (De  Munck 
et  a)„  2009:  Scheeringa  ct  al.  2012).  The  observed  MEC  alpha-band 
hypoactivlty  may  suggest  a  deficit  in  tha  la  mo-cortical  interactions, 
which  possibly  leads  to  reduced  functional  inhibition  in  the  above  cor¬ 
tical  areas  in  PTSD.  In  general  a  normal  amount  of  alpha  activity  is  pre¬ 
ferred  in  the  resting-state,  and  reduced  alpha-band  power  has  also  been 
observed  in  individuals  with  Alzheimer  s  disease  (Babiloni  et  al.  2013; 
Tartaglione  et  al,  2012),  and  schizophrenia  (Hmkley  et  al,  2011; 
Spunheim  et  al,  2000). 

47,  MEC  source  imaging  with  fast- VESTAL 

Our  method  plays  an  essential  role  in  obtaining  the  source  magni¬ 
tude  Images  for  the  neurodreuitry  in  PTSD  (Figs.  1^3),  It  was  shown 
that  Fast- VESTAL  can  effectively  create  restmg-staie  MEG  source  images 
that  are  highly  consistent  with  known  neurophysiology  findings  (Huang 
er  al,  2014a).  We  have  shown  that  for  resting-state  MEC  signal,  the 
source  magnitude  images  obtained  using  a  beamformer  technique 
(a  popular  MEG  source  analysis  method)  are  less  consistent  with 
neurophysiology  findings  (Huang  et  al.  2014a).  This  is  likely  due  to 
beam  former's  intrinsic  limitation  which  assumes  the  neuronal  sources 
arc  uncorrelated  (Robinson  and  Vrba,  1999:  Sekihara  et  al.  2001 :  Van 
Veen  er  al.  1997),  a  questionable  assumption  when  dealing  with 
resting-state  MEG  signals. 

In  the  present  study,  we  focus  on  MEG  source  magnitude  images  m 
PTSD.  No  results  were  presented  regarding  the  MEObased  connectivity 
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analyses.  This  is  because  we  are  m  the  process  of  finalizing  the 
Fast -VESTAL  based  voxel-wise  MEG  connectivity  method  (Huang 
et  al.  in  preparation).  Although  MEC-based  connectivity  study  is 
a  hot  topic  in  literature,  with  most  published  approaches  used 
Beam  former  or  minimum  L2-norm  based  techniques  to  obtain  the 
source  time-courses  (Brookes  et  aL,  201 1atb.  2012;  Gliuman  et  aU 
201 1 ;  Cramfort  et  aL,  2014).  It  was  known  that  source  time-courses  ob¬ 
tain  by  Beam  former  arc  distorted  when  multiple  correlated  neuronal 
sources  contribute  to  the  sensor- wave  forms  even  at  noiseless  cases 
(Huang  et  aL.  2014a).  and  across-talk  between  source  time-courses 
from  minimum  L2-norm  approaches  can  also  be  a  serious  issue* 
However,  even  though  many  researchers  were  aware  of  the  issues 
associated  with  distorted  source  time-courses,  the  impact  on  a  vari¬ 
ety  of  connectivity  measures  using  the  distorted  source  time-courses 
has  not  been  examined  thoroughly  in  resting- state  data,  at  least  to 
our  knowledge.  Before  we  publish  our  method  for  Fast-VESTAL 
based  connectivity  analysis,  we  believe  that  H  would  be  beyond  the 
scope  of  the  present  study  to  include  MEG  connectivity  results  lor 
the  PT5D  population. 

There  are  several  limitations  of  the  present  study  that  warrant  con¬ 
sideration.  First,  the  spatial  resolution  and  localization  accuracy  of  M  EG 
are  expected  to  be  limited  for  amygdala,  hippocampus,  and  vmPFC. 
which  may  explain  some  minor  location  discrepancies  between  our 
lindings  and  those  of  previous  fMRl  or  PET  studies.  Second,  although 
we  acquired  resting-state  MEG  signal  in  the  eyes-dosed  condition, 
eye-movements  and  micro-eye- blinks  may  be  confounding  factors*  Al¬ 
though  we  pre-processed  the  MEG  data  through  both  MaxFiller  and 
1CA  to  remove  the  eye-movement  and  micro-eye-blinks,  the  impact  of 
residual  eye-activity-related  artifacts  may  not  be  totally  negligible. 
Third,  despite  substantial  efforts  to  ensure  and  monitor  alertness  during 
the  eyes-closed  condition  (see  Materials  and  methods),  drowsiness  may 
still  have  had  an  impact  on  the  MEG  recording.  Fourth,  since  the  active- 
duty  and  veteran  PTSD  patients  are  mostly  males,  the  present  study  is 
dominated  by  male  subjects,  with  just  one  woman  in  each  of  the  two 
groups. 

Despite  these  limitations,  the  present  study  showed  that  our  MEG 
source  imaging  technique  revealed  new  abnormalities  in  Lhe  resling- 
state  electromagnetic  signals  from  PTSD  neurocireuitry.  Abnormal 
resting-state  e 3 ectro magnetic  signals  in  FrSD  ncurocircuitry  can  be  ef¬ 
fectively  imaged  by  MEG  source  imaging  technique  for  different  fre¬ 
quency  bands.  In  high  frequency  bands  (i.e.,  beta,  gamma,  and  high 
gamma  bands),  PTSD  was  associated  with  1 )  MEG  hyperactivity  from 
amygdala,  hippocampus,  posterolateral  OFC,  dm  PEC  and  insular  cortex; 
and  2)  MEG  hypoactivity  from  vmPEC  FPt  and  dlPFC  In  alpha  and  low- 
frequency  bands,  FfSD  was  associated  with  extensive  MEG  hypoactivity 
from  dlPFC.  FP,  anterior  temporal  iobes,  precuneous  cortex,  and  sensori¬ 
motor  cortex*  Lastly,  FfSD  symptom  scores  correlated  positively  with 
res  ting-state  MEG  activity  in  left  amygdala  and  posterolateral  OFC  and 
negatively  with  MEG  activity  in  vmPFC  and  precuneous.  Particularly, 
posterolateral  OFC  and  precuneous  may  play  important  rotes  in  the 
FfSD  neumcircuitTy  model* 


Aden  o  wledgments 

This  work  was  supported  in  part  by  Headquarters  Marine  Corps  and 
Navy  BUMED  to  UG,  Baker,  MA  Geyer,  MX  Huang  and  V.B*  Risbrough 
(MRS-li;  Navy  BUMED  contract  #  NB2645-U-C-4037)  and  Merit  Re¬ 
view  Grants  from  the  Department  of  Veterans  Affairs  to  MX  Huang 
(10 1 -CX000499,  NURC-022-  10F.  NEUC-044-06S)*  We  acknowledge  the 
MRS-11  administrative  core,  Anjana  Patel,  Andrew  De  La  Rosa,  and  mem¬ 
bers  of  the  MRS- II  Team,  including  logistic  coordinators,  clinician- 
interviewers.  and  data  collection  staff  We  thank  staff  at  the  Veterans 
Medical  Research  Foundation  (VRMP),  We  also  thank  the  Marine, 
Navy  and  veteran  volunteers  for  their  military  service  and  participation 
in  this  study. 


References 

American  Psychiatric  Association,  2000.  Diagnostic  and  Statistical  Manual  of  Mental  Dis¬ 
order*  IV.  text  RevisjonAmcrican  Psychiatric  Association. 

American  rsyt  Jiiatrie  Association,  2004.  Practice  Guideline  for  the  Treatment  of  Patients 
With  Acute  Sifts?  Disorder  and  PlSDAmerican  Psychiatric  Association,  Arlington,  VA 
Anderson,  A.K., Christoff,  K  .Panics,  D..D?  Rtisa,  E., Gabrieli.  J  D.  2003.  Neural  correlates  of 
the  automatic  processing  rri  threat  facial  signals.  Journal  of  Neuroscience:  the  Official 
Journal  of  l  he  Society  Tor  Neuroscience  23,  5627-5633  12343265, 

Eaayen,  J*C.de  jongh.  A.* Siam,  C_J„  Dc  Mtmck.  J.CJonkmaa  JJ**Trenite,  D.G.,  Bcrcndse.  H 
W.van  Wakum.  A.Mjleimans.  JJ  J'uligheddu.  MHCasiehjii5,  JA,  Vandertop.  W,P, 
2003  Utilization  of  slow  wave  activity  in  patients  with  tumor-associated  epilepsy. 
B*am  Topography  1 6.  S5-93  14977201. 

B.tbl  lorn.  C  Del  reran*  CBoidtM*  Ft,  Buurrtea.  J.L,  Benti  vogl  iof  M.,Paytm  P„Deramhnre,  P. 
Dix.  5.  In  farina  to.  F.Lizio,  R.Jriggwni.  A.L  Kidwd  son,  J.C.,  Rossini,  P*M„  2013.  Effects 
of  acetylcholinesterase  i nh ihi tors  and  memantine*  on  rosting-state  electrnenccphaEo- 
gr.iphic  rhythms  in  Alzheimer's  disease  paiienls.  Clinical  Neurophysiology:  Official 
journal  of  the  International  Kedt-iatiOrt  of  CUniud  Neurophysiology  124,  837-850. 
hltp://d*.doi,oi£/ia  1016  Jrllnph.20 1 2,09,0 1723998644, 

Bach.  U  K,  Behrens.  T  E.,Carrido,  L.Webkopf,  N,  Dolan,  RJ.,  201 1.  Deep  and  superficial 
amygdala  nuriei  projections  revealed  in  vivo  by  probabilistic  trattflgraphy.  Journal 
of  Nenrmcience:  the  Official  Journal  of  the  Society  for  Neuroscience  31.  618-623. 
h  tt  | ) :  /  /d  x  doi.OTg  1 0. 1 52  3/JNFUR05CI.2744- 1 020 1 1 2 1 22  a  170* 

Hall,  GJ„Cloor.  F.  5c  haul.  N.,  1977.  The  conical  eleciromimophysialogy  of  pathological 
della  waves  in  the  electroencephalogram  or cats.  Electroencephalography  and  Clini¬ 
cal  Neurophysiology  43, 346-361  70336. 

Benederti,  F*,AbsirHa.  M,,Rocca.  MA,Radaelli.  D„Pulemf  ^Sernast-oni.  A,.  Dallaspezta.S.* 
Fagani.  E.Kalim,  A „  Copct i  i,  M„  Colombo.  L.Comi,  C^Smeraldi,  £.,  Filipps,  M„  2011 
Tract-sped  lie  white  matter  structural  disruption  inpatients  with  bipolar  disorder.  Bi- 
polar  Disorders  13.  414-424.  hlrp:  dx.doj.orgl  0_1 1 1 1  /J.1399-<$E18_2D1  UO093S. 
x2 1843281. 

Benjamini,  VJ  kx’hberg,  V.,  1995.  Controlling  lhe  false  posilive  rale:  a  practical  and  pow- 
erluJ  appraich  to  multiple  testing.  Journal  of  the  Royal  Statistical  Society,  Series  B  57, 
289  300* 

Bishop,  5.J„  2008.  Neural  mechanisms  underlying  selective  alien  don  to  threat.  Annals  of 
the  New  York  Academy  of  Sciences  1129.  141-152.  http:,  dx.doi.org,  10,1196/ 
an  flak.  14 17  JQ 1 61 859 1 476. 

Blake,  D.Ph  Wear  hers.  F.WnNagy,  LM^Kaloupek,  DC..  Gusman,  Fi3.,Cbarney.  |X5_,  Keane,  T. 
M,.  1995.  The  development  of  a  Ginioan -Administered  FT5D  Scale.  Journal  of  T  rau¬ 
matic  Stress  S,  75-  90  77 1 2061* 

Blanchard,  EA.Hicklfng,  EJ., Taylor,  AJE-Fomerk,  tA„  Loos,  WJaccardJ.,  1995.  Effects  of 
varying  st  oring  rules  of  i  Itr  Clinician -Administered  RSD  Stale  {CAPS)  for  the  diagno¬ 
sis  of  post-trau  marie  stress  disorder  in  moinr  vehicle  at  l  idem  victims.  Behaviour  Re 
search  and  llterapy  33, 47  1  475  7755537. 

Kremner.J  DHNarayan.  M*5taib,  Li  LSouthwitk,  S  M.McClashan,T^Giamey.  D5.,  1999.  Neu¬ 
ral  correlates  of  memories  of  childhood  sexual  abuse  in  women  with  and  without  post- 
traiirrunc  stress  disorder,  American  Journal  of  Psychiatry  156, 1 787-1795  10553744, 
Brookes,  MJ,.Hale,  |  K.,  burner.  JM.  Stevenson,  CM.  Francis.  5.T,.  Barnes.  CTL.Owen,  j.F„ 
Morris,  F.G.,Nagarajun,  S.S.,  201  la.  Measuring  functional  connectivity  using  MEG: 
methndokjgy  and  comparison  with  fcMRL  Neurol  mage  56, 1082-1 104,  http^dx- 
dtHjW^/704  0 1  6/IneuraTmage.2U  1 1 ,02,0542 1 352925. 

Brookes,  MJ..  Wuolrirh,  M^Luckhoo,  H„  Price,  D.,  Hale,  J.FL, Stephenson,  M.C  ,  Barnes,  G.K., 
Smnh,  S.M.Mtinis,  P.C.,  201  lb.  Investigaring  the  elec  trap  hywdogical  basis  ttf  rushing 
state  networks  using  magnetoenccph.ilography.  Pioceedshgs  oRhe  National  Acade¬ 
my  of  Sciences  of  The  United  States  of  America  108,  IG783-1G78E.  httpw/dx.doi. 
org/ 1 0, 3  073 .  pnas.  Ill  268  5 1 082 1 9  3  990  L 

Brookes,  MJ..  Wuolrtch.  M.W^  Barnes,  C. IT,  2012.  Measuring  functional  connectivity  in 
MEG:  a  multivariate  approach  insensitive  to  linear  source  leakage.  Neurolmage  63, 
910-920,  http://dx,doi,Qrg  1 0,1 01 6  J.neuroimage  2012.03.04822484306, 

Bryant,  KA,  Keltninghim,  K.L.Kemp,  ATI.,  Barton,  M..Peduro,  A^.,  Rennie,  C,*Gurdon,  E. 
Williams,  t_M..  2005.  Neural  networks  of  information  processing  in  posttraumaiic 
stress  disorder:  a  functional  magnetic  resonance  imaging  study.  Biological  Psychiatry 
5B,  1 1 1  - 1 1 B*  http: . .  dx.doi  org/ 10.101 6/j.bropsych  2005.03.62 1 1 603868 1 . 

Carlson,  N-FL  201 3,  Physiology  of  dehttvlDreleventh  edition,  Pearson.  Boslon* 

Carmichael,  5 X,  lYice,  J J_,  1995.  Limbic  connections  of  the  orbital  and  medial  prefronial 
coriex  in  macaque  monkeys,  journal  of  Comparative  Neurology  363,  615-  641, 
hupdx,(kri,org/l  0,l002/cne.9O3630408884742 1  * 

Civ  anna.  A.E^  Jrimble,  MR..  2006.  Die  prenineus:  a  review  of  its  functional  anAtumy  and 
lx*havk)ural  correlates.  Brarn:  A  Journal  of  Neurology  129, 564-583.  http:  /dRuloforS' 
10.1093.  br  ai  n/a  w)004 1 6399806, 

Chung,  Y A,  Kim.  S  K.Chung,  5,K..Chae.  J.H„Yangr  HW„SohnH  HA.jenng,  2006  Alter¬ 
ations  in  cerebral  perfusion  in  posit  ran  matk  stress  disorder  patients  without  tie- 
exposure  to  acddem-relared  Stimuli,  Clinical  Neurophysiokjgy:  Official  Journal  of 
the  International  Federation  of  Clinical  Neurophysiology  117,  637-642.  htip:,'/dx. 
doldrg/l  0, 1 0 16,jxllhph, 2005. 1 0.020 1 6426390* 

Cohen.  D*.SchUpfer.  Li..Ahlfors,  5,.  Hamalainen,  M,  Halgren,  E,,  20D2,  New  stx-layer 
magn erica Hy-shieJded  rixjm  for  MEG.  In:  Nowak,  H  KJ.,  GieG!er,E  fEdsj.  Proceedings 
of  lhe  1 3th  Inromatinnal  Conference  on  Biomagnehsm,  Vde  Vet  lag.  Jena,  Germany 
Corcoran,  KA.MarenP£h  2DQ1,  Hi pp^Kampal  inactivation  disrupts  contextual  retrieval  of 
fear  memory  after  extinction  Journal  of  Neuroscience;  the  Official  journal  of  the  SCh 
ciety  for  Neuroscience  21, 1720-1726  1 122266  L 
Czervionke,  LF, .Daniels.  D*LWehrll.  l.W.  Mark.  LP„Hendrix,  LE,,StrandLJ A, Williams,  A 
L.Haughtnn,  V.M.,  1988.  Magnetic  susceptibility  artifacts  in  gradient  recall^  echo 
MX  imaging,  American  Journal  of  Neumradmliigy  9, 1 149-1 155  3141237, 

Davis,  M.,  Whalen,  P.J_  2001.  Die  amygdala:  vigilance  and  emotion.  Molecular  Psychiatry 
6,  13-34  1 12444SL 


M.-X  Huang  et  ill  f  Neurulmage:  Oinkoi  5  (20)4)  408-4  J9 


417 


tie  Joogh,  A,.Baayen,  J,CDe  Mnnck,  ],C„  Heethaar*  R.M.,  Vondertop,  W,  P.,5  tarn.  CJ.,  2001 
The  Influence  of  brain  lumor  treatment  on  pathological  delta  activity  In  MEG. 
Neuroimage  20,2291 -230 1  14083730, 

De  MunckJ.G.CtingalVes*  $,l.,Mammoliti,  K„  Heethaar,  K  M  .Lopes  da  Si  tv  a  KH„  2009.  tiv 
teracticins  between  different  EKG  frequency  bands  and  their  effect  nn  alpha-fMRI  cor¬ 
relations  Neumlmage  47,  69-76,  till  p://dx, dot. nig  ia,T016j,neuroiHMg&2Cttl^04; 
D2910J76236v 

Deckerjf.,  DA,  Knott,  J  R,  1972.  The  EEG  in  intrinsic  supratentorial  brain  tumors:  a  com¬ 
parative  evaluation.  Electroencephalography  and  Clinical  Neurophysiology  33, 
303-310  41 14914 

Dikmen.  S5nftoss,  B.L,MaehamerJJ£H  Tern  kin,  N.K.*  1995.  One  year  psychosocial  outcome 
in  head  injuiy,  journal  of  the  International  Neuropsychological  Society:  JINS  I  *  57-77 
9375211, 

Do  h  re  n  werni,  B,P„  Turner,  J,B„  Torse,  N  A,  Adams,  B,C„Koent?n,  K.C.  Marshall,  K., 

2006.  The  psychological  risks  of  Vietnam  for  UA  veterans:  a  revisit  with  new 
data  and  methods  Science  (New  York,  N  Y.)  313,  979-982,  http://dx.doi.mg/ 
HU  1 26 /science.  1 1 28944 1 69 1 7066. 

Dolcos,  F,fURar.  KJS,  Cabeza.  R„  2004.  Interaction  between  the  amygdala  and  the  medial 
temporal  lobe  memory  system  predicts  better  memory  for  emotional  events.  Neuron 
42,855-863  15  i  £2723 

Domsrh,  5.,  LinfceJ..  Heifer,  P,M„KroH(  A.fior,  H./Wessa,  M„Schari,  LX,  2011  Increased 
BOLD  sensitivity  m  the  nrbitoErnnlaJ  cortex  using  slice-dependent  echo  limes  at  3  T, 
Magnetic  Resonance  Imaging  31,201-211.  hLtp::ydK,<toi,org/10,I0IG  j,mri.2n  12.06. 
02022925606. 

Engdahl,  8,.  Utitbold.  A.t*.  Tan.  H,-R,M„  Lewis,  S.M.,  Winskowski,  A,M..  Dikel.  TN,, 
Goorgopoulos,  AJL,  2010,  Posl-frau malic  stress  disorder:  a  right  temporal  lobe  syn¬ 
drome?  Journal  of  Neural  Engineering  7,  066005.  http://rfx,dni,t}rgH 0,1 088/ 1741 
2500/7/6/06600520980718, 

Fdni  Ingham.  K.L,  Williams,  LM.,  Kemp,  AH.,  Rennie,  C, Gordon,  6, Bryant,  KA,  2009,  An 
terror  cingulate  activity  to  salient  stimuli  is  modulated  by  autonomic  arousal  in  post 
traumatic  stress  disorder.  Psychiatry  Research  1 73, 59-62.  http:,  /dx.dnuirg,'  1 0. 1 U 1 6/ 
j  ,pscy  thresn5.2QG8.  1 2.005 1 9446442, 

I  ransson,  P.,  Manelec,  G„  20GB.  the  precuneus/posterior  cingulate  cortex  pfays  a  pivotal 
role  in  ihe  default  mode  network:  evidence  from  a  partial  correlation  network  anal 
ysis,  Neurol  mage  42,  1178-1184.  h  t  tp;7d  K.dOl.org/lfiJ.1  Q\ 6/j.neuroimage2008Ii5 
05918598773, 

I leyer,  F.*Roberts,  jA.Oocker,  ft, Robinson,  PA., Ritter,  P.  Breakspear.  M .  201 1,  Biophysical 
mechanisms  nf  multisiabiliry  m  res  ting-state  cortical  rhythms.  Journal  nf  Neurosci¬ 
ence:  the  Official  Journal  of  the  Society  for  Neuroscience  31. 6353  -6361.  hup:  lIx 
d  oi  org/  tO,  1 523  /JN  EUKOSCLG693  - 1 02  011215  2527  5. 

Georgopoulos,  A.P.Tan,  ,  Lewis,  5.M  Jouthold*  A.C,  Winskowski,  A.M,  Lynch, 

J.K.,£ngdaM|,  B,*2GI0.  The  synchronous  neural  interactions  tesi  as  a  functional 
neuromarfcer  for  post-traumatic  stress  disorder  (PTSD):  a  robust  classification 
method  bated  on  the  bootstrap,  journal  of  Neural  Engineering  7.  1601 1.  http 
dx«doi.prg/ 1 0, 1 QS8/ 1741-2  560/7/1  /0|  60 1 120086271. 

Geuze,  (L.Vermetten,  E„de  Kloet,  CS.Wesienberg,  H  G..  20DS  Precuneal  actSvily  during 
encoding  in  veterans  with  posrtrau  marie  stress  disorder.  Progress  in  Brain  Research 
167.293  -297.  http:  U^.dru  nrg  l  U  10 16/50079-61231 07)6702  54118037028. 

Geuze.  F„Weiti’nbeTg.  H.G,  jochims.  A.  de  KlneLO ,  Boh  us.  M.Vemieiten,  L.SebmahL  C, 

2007,  Altered  pain  processing  in  veterans  with  posit  rauma  lie  stress  disorder.  Ai 
chives  of  General  Psychiatry  64,  76-85,  httf>;//dx,doi,Pig/l  G.tOfl  !■  arch psyc,64l 
7617199057, 

ri human.  AS„  McDaniel.  J,R„Martin,  A  201 1.  A  wavelet-based  method  for  measuring  the 
oscillatory  dynamics  of  resting -stale  functional  connectivity  in  MEG.  Neurol  mage  56* 
69-77.  h  rt  p: // dx.de  t.  org-  1 0,  Ml  1 G/J  .neuroi  mage.20  II  .0 1 .04  62 1 2  5  6967. 

Gloor,  K.Ball.  C.SehauL  N.,  1977  Brain  lesions  that  produce  delta  waves  m  the  EEG.  Neu¬ 
rology  27.  326-333557774. 

Gold,  A.L,  Morey,  ft*A  McCarthy,  G„  2014.  Amygdala -protronta I  cortex  functional  connectiv¬ 
ity  during  threat-induced  anxiety  and  goalKlistrachonBirjIugstaJ  Psychiatry  tin  press  j. 

Cramfort,  A.,  LuessL  M.,  Larson.  E,*  ilngemarm,  DA..  Strohineier,  D..  Broil  beck.  C.. 
Parkkonco.  L„  Ha  mala  men.  M,S.,  2014.  MNE  software  for  processing  MEG  and 
EEC  data.  Neuroimage  86,  446-460.  http:/  dx,doi,nrg/10.  lOIG/J  neurotmage. 
2013.1 0-02  724161 SOB. 

I  tart  ley,  CA.,  Phelps,  L  A,  2010.  Cluing  ing  fear:  the  neuronreuitry  erf  emotion  regula 
lion.  NeuropsychopbaiiTiacology:  Official  Pubticadun  nf  the  American  College  nf 
Neurnpsyc  ho  pharmacology  35,  136-146.  http:  .dx.doi.org.  10.1038  hpp.2UQo 
U1 137 10632. 

Ife.  B.J.,  Snyder,  A.Z,,Zempe[,  J.M,. Smyth,  M.D,,Raichlc,  M.EH  2008.  Electro  physiolog¬ 
ical  correlates  of  the  brain's  intrinsic  large-scale  functional  architecture.  PrO' 
codings  nf  the  National  Academy  of  Sciences  of  the  United  Slates  of  America 
1 05,  1 6039-1 6044.  hi  I  p:t 7dx.doi.nrg/ 1 0, 1  Q73/pnas.08070 101051 8M3 1 1  i 

Ihndriks,  R.,van  Put  tea  M.J^  2013,  Thala  mo-cortical  mechanisms  underlying  changes  in 
amplitude  and  frequency  of  human  alpha  oscillations.  Neurolmagc  70.  150-163. 
http://dx.t1oi.org/IO.  10 1 6/j  Jieuroimage20l2. 1 2.0182326670  \ . 

Hinkley,  LEi.,  Vinogradov,  S  .Guggistjeig,  AG.,  Fisher,  M„  Findlay,  A-M^Nagarajan,  5/5., 
2011  Clinical  symptoms  and  atpha  band  resting-staie  functional  connectivity  imag¬ 
ing  in  patients  with  schizophrenia:  implications  for  novel  approaches  to  treatment* 
Biological  Psychiatry  70. 1134-1142,  Emp;  /  dx.doi  org/10.  |0l6.j.lrio^sych2Ul  1 ,06, 
02921 S€  1988, 

Moge,  C.W„  Castro,  CA,  Messer,  5.C.  McGurk,  D  .Cotring,  DJ„Kufrmari,  R,t,  2004 
Combat  duty  in  Iraq  and  Afghanistan,  mental  health  problems,  and  barriers  to 
care.  New  England  Journal  of  Medicine  351,  13-22.  hrtp:,  /dx dni.org/lO-l056/ 
NEJ  Moa  040603 15229303. 

Hoge,  C.W',T McGurk  D^ Thomas,  JJL.Cox.  A  L, Engel.  C.C Gash o.CA,  2008.  Mild  traumatic 
brain  injury  m  U,S+  soldiers  returning  from  Iraq.  New  England  Journal  of  Medicine 
358. 453-463.  http:.'  .'d3c.doi.org  10,1056  NFjMoa072972 18 23 4750. 


Huang,  MX.  Dale,  AM, Song,  T„ltaignen,  L„  Harrington.  D.L.  Padgomy.  I^Camve,  J,M„ 
Lewis,  S.,la:t',  R,(C,  2006,  Vector-based  spatial- temporal  minimum  U -norm  solution 
for  MEG.  Neuroimage  31.  1025-1037.  h tip;  r/rlx. doi.org' 10.1 016 d  iieuroimage,20t)6, 
01,02916542857, 

Huong*  MX*Huang,  CW.,Rohb.  Angeles,  A.Nichnls,  S  L, Baker,  D,G.,Song.  f.J  lamngroii, 
D.L,  I  hei  Em  aim,  KJ.Srinivasan,  R-.FIetder.  D„Diwakar,  M.,  Can  ive.J.M,,  Edgar,  J.t.Xhen, 
YFI„Ji* Z.,Shen,  M., El  Cabal awyt  F„l,evy,  M,.McUyP  R. , Webb- M u r phy , Liu,  1,1 ., 
Drake,  A  ,  Lee,  R.R  ,  20 1 4a  MEG  source  imaging  method  using  fast  11  minimum- 
noim  and  Jls  applications  to  signals  with  brain  noise  and  human  resting  state  source 
amplitude  images.  Neuroimage  84. 585  6134.  http;  .  dxdoi.iirg/  ]  0. 1 0  3  6/j^neu mintage 
2011.09.02224055704. 

Huang,  MX.NichoIs,  5.,  Baker.  D.G,PRobb,  A  .  Angeles,  A.fYurgil.  R, A  ,  Drake.  A,  Levy, 
M..5ong.  T  .McLay,  R„Theilmann,  R.J.  Diwakai  M,,Kisbraugh,  V,B  ,Ji,  Z,,  Huang, 
CW„ Chang.  D.G  .Hai  tiitgton,  D.L.MUTiattL  L.Canive,  J.M.. Christopher  Edgar.  j„ 
Chen.  Y.H.,Lee*  R  R„  2014b,  Single  subieci-based  whole-brain  MEG  slow-wave 
imaging  approach  fur  detecting  abnormality  in  patients  with  mild  traumatic 
brain  injury.  Neurolmage.  Clinical  5, 109-1 19,  hiip://dx.doi.org/i0, 10tfi/j,nicl 
20 1 4.06.00425009772, 

I  luang*  MX, Nichols,  S„Kobii,  A.  Angeles,  A,  Drake.  A  Holland,  M^AmiJsscin,  S^D'Andrca, 
JXhun*  W„Levy,  M  ,Cui,  L. Song.  T.r Baker,  D.C^Mammcr,  K.McUy,  Atheilmann,  R.J^ 
Coimbra,  R..Diwakar,  M..  Boyd,  C.Neff,  j.,  Lm.  TX,  Webb-Murphy.  Farinpmir,  R , 
Cheung,  C.  Harrington,  OX.Heisier,  0.,  Lee,  R.R  .  2012,  An  automatic  MEG  low 
frequency  source  imaging  approach  for  detecting  injuries  in  mild  and  moderate  FBI 
patients  with  blast  and  non- blast  causes,  Neurol  mage  61, 1067  10E2,  httpti/dK-dol. 
orglf),  i  0 1 6/J.neurolmafit20 1 2.04,02922542638, 

Huaog,  MJLSong,  L.HaglerJr,,  D.J..Podgnmy,  Ljousmaki,  V.,Cui,  L.Gaa,  K„  Harrington,  13. 
L Dale,  AM  , Lee,  kAEIman,  XHalgren,  E.  2007  A  novd  integratert  MEG  and  EEC 
analysis  method  for  dipolar  sources,  Neurdmage  37*  73I-74S  http:  dX.dot.oi  gri  O, 
10 1 6/jjietimf  mage  J007, 06.0021 7658272, 

I  luang,  MX.Thetlmann,  R,J.rRohl>.  A  Algeles.  A.  Nichols.  5.,  Drake.  ADAndreo,  J„  Levy,  M-, 
Holland.  M..5ong.TnGe,  5„Hwang,  E„Vooh  K-,Cui,  UBaker,  D,G..Trauner,  D„ Coimbra, R., 
Lee,  R.A  2009.  Integrated  imaging  approach  with  MEG  and  DTI  to  detect  mild  trau¬ 
matic  brain  injury  in  military  and  civilian  patients  Journal  nf  Neurol  rauma  26, 
1 2 1 3-  L  226.  htl  p: . .  d  x.doi  or  y  1. 0,  l  U8f  V  neiUO0B,0672 1 93  85722. 

Hughes,  ICC,  Shin,  LM  ,  20  M  Functional  neuroimaguig  studies  of  post-traumatic  stress 
disorder  Expert  Review  of  Ncurorhttapcutics  It,  275-285.  htip://dx.doi.org/10. 
1586/ern.l  0,1982 1 3062 14 

Iversen,  AjC  .  Fear,  N  I  .Ehkrs*  A  Jlacker  Hughes,  J.. Hull,  L.Eamshaw  M,,GreenlTeig,  N., 
Kona.  R,,  Wisely,  5^  Hotnpf.  M.,  2008,  Risk  facinrs  for  post -traumatic  stress  disorder 
among  UK  armed  fences  personnel  Psychological  Medicine  38,  511-522,  hup:  dx. 
dui.  ot-g/10. 101 7./S00  3  3291 708002  7781 8226287. 

Jocknwski,  A.R.Aratijo  Filho,  G.M.. Almeida,  A.G.. Araujo,  CM,  Reis,  M.,Ncry,  L,  Batista,  I.K., 
Silva,  I  .Laccrda.  A.L,  20 12/ Ihe  involvement  or  iheoitutofronial  cortex  in  psyddatric 
disorders:  an  update  of  neumimagmg  findings.  Kevista  Brasileira  de  tisiqmama  (San 
Paulo,  Brazil:  1999)  34,  207-212  22729418. 

Jin,C,Qi,  R-Tin,  V.Hu,  ADtun,L,Xu1Q.,21iaitg,  AZhrmg,  Y.Eeng,  B„Xi,ing,  R,Gong,Q„liu,  Y., 
Ioj,  C..U,  L„  20 13,  Abnnrmalmes  in  whote-brain  functional  ctmneaiviiy  observed  in 
treatment- naive  post -traumatic  stress  disorder  patients  following  an  earthquake.  l*sy- 
diologica!  Medici  ne  I  - 1 0  http:  (ffaM 1 0 A  Q 1 7/5003329 1 7 1 3002  50X24 168716. 

Kandel.  EJL. Schwartz,  J.liJesselj,  LM.,  2000.  Pnnciples  of  Neural  SnenccFourrh  edition 
Mt  Craw  Hill,  New  York. 

Kessler,  R,C.Berglund,  P,.l7emler,  0„Jin,  (L,  Merikangas.  K.R..  Watters,  E.X  2005,  lifetime 
prevalence  and  age-ofionset  distributions  of  DSM  IV  disorders  in  ihe  National  Cn- 
marbidity  Survey  Replication,  Archives  of  General  Psychiatry  62,  593  -602  http: 
dscdoi,org/ia,100 1  /archpsyr.62.6,593  J 5939837* 

Kessler*  K.C„5onnega.  A.  Bromer,  F„  Hughes,  M,,  Nelson.  C.B.,  1995,  Pnsitraumolic  stress 
disordei  in  the  National  Comorbidity  Survey.  Archives  of  General  Psychiatty  52, 
1048-1060  7492257 

KopdL  N„  Emitmi rout.  G,B„W!uMittg ton,  M.A.Jraub.  R.D„  2000.  Gamma  rhythms  and 
beta  rhvtfuns  have  differ enl  synchronization  pmpflrties.  Procmlings  of  the  National 
Academy  of  Sciences  of  the  United  States  of  America  97, 1S67-1872  10677548, 

Lanius,  R.A,,I  rtrwen,  KAGirolti,  M^Netlfdd,  R.W„Stevens,  LK,,Densmore,  2007.  Neu¬ 
ral  correlates  of  trauma  scripi-imFigery  in  postt  ran  marie  stress  disorder  with  and 
without  entnorbid  major  depression:  a  functional  MRJ  investigation.  Psychiatry  Re¬ 
search  1 5*5,  45  -  56,  h tt p:  f/ti x  dm  ,n rg/ 1  n.  1  rt  1 6  j  pstych restis,20OrT.  1 1 .006 1 74 1 25  67. 

Leahy,  KM,  Mosher,  J.C  Spencer,  ME..  Huang*  MX,  Lew  in  e,  J.D„  1998.  A  study  of  dipole 
localization  accuracy  For  MEG  and  LEG  using  a  human  skull  phantom,  EJectroenceph- 
alngraphy  and  Ginfcal  Neurophysiology  107,  159-173  9751287. 

LeOtmx,  J.H.,  2000.  Emotion  circuits  in  ihe  brain.  Annual  Review  of  Neuroscience  23. 
155- 184,  http:  /dx  .doi.org,’  3  0, 1 !  46/antiurev.nemu23, 1 ,1 5510845002* 

Lcwme.  J.D„  Davis,  j.T^  Sloan,  jLH.,Kodiliiwaktcu,  KW„OmsfitoL  Jr„  W.W.,  I  NeumriLignet  ic 
assessment  or  paifiophysiologrc  brain  activity  induced  by  minor  head  trauma.  AjNR, 
American  journal  nf  Neuroradiology  20. 857  865  1 03  593  5  7. 

U'WineJ.D^Omson  js  .,  W.W.,  1995,  Spike  and  slow  wave  localization  by  magnoloeneeph- 
alography,  Neuroi  magi  rig  Clinics  ul  Nunli  America  5, 575-596  S5642S5- 

UndauerrRJ.,Booijj^Habraken1J,B,vjm  Meijd,  L Uyllngs,  KB.OUf.  Vt  .Cariiei,  lALdni 
Heeten,  G.J^van  Eck-Smlt,  BL,Gera>ns1  BP,  2008,  FfTects  of  psychotherapy  on  region¬ 
al  cerebral  blood  flow  during  trauma  imagery  in  patients  with  posHraumatic  stress 
disorder,  a  randomized  clinical  trial  Psych ological  Medicine  38,  543-554.  http.  tlx. 
do  rots  '10.101 7/SOD  j  329 1 7070D 1 432 1  7803835. 

Uigotheds,  NX,  2003, The  undetpmningsof  the  BOEJ3  functional  magnetic  resonance  im¬ 
aging  signal.  Journal  ofNeuroscietKe:  the  Official  Journal  of  the  Society  for  Neurosci¬ 
ence  23.  3963-  3971  12764080, 

Lopes  da  Silva.  FTL.Ptin.  JJL  Veils*  LXNtjssen,  P.C  1997.  Alpha  rhythm;:  noise,  dynamics 
and  models.  International  Journal  of  J^ychophysiolpgy:  Official  Journal  of  the  Interna' 
tinnal  Organization  of  Psychophysinlpgy  26*  237  249  9203006, 


M.-X,  Huang  cr  ai  f  Nwrolmage:  Clinical  5  (2014)  4QS-m 


418 


Lyoo,  |.K„Kirn.  j.E..YoGn.  5*J+t  Hwang,  J..Rac,  S,,Kirnr,  D.Jh  201 1,  The  ncurobio  logical  rule 
ofrhe  dorsolateral  prefrontal  cortex  in  rceovety  from  trauma  Longitudinal  brain 
imaging  study  among  survivors  of  the  south  Korean  subway  disaster  Archives  of 
General  Psychiatry  68*  70]  713.  bttp;//dx,doi,org,  iQJflO!  archgeopsyrhlatry, 
2011,7021727254. 

Mag  ruder,  K.M.,  Yeager,  DJL  2009.  The  prevalent®  oFFISD  across  War  eras  arid  the  effect 
of  deployment  on  PTSD;  a  systematic  review  and  meta-analysis,  Psychiatric  Annals 
39, 778-788. 

McGaugh,  J.Lt  2DD4  The  amygdala  medulaies  the  consolidation  of  memories  of  emotion- 
ally  amusing  experiences.  Annual  Review  of  Neuroscience  27.  I  2§,  http :/,'dx  dot. 
orgJian4S/anmjfev^eurtJ,27,a70Kl3.1 4415715217324 
Mitchell,  D,G_  2QVI  The  nexus  between  decision  nuking  and  emotion  regulation:  a  re¬ 
view  of  convergent  neumcognitivc  substrates.  Behavioural  Brain  Rcseaich  217. 
215-231.  http:  7dx.doi.org: 10. 1C  1 6/ j.bbr. 20  TO,  10.03021055420, 

Mizuki,  Y„Kajirmira*  N,,Kai,  S.,Suet$ugi.  M„tteh[jima.  1.,  Yamada,  M.,  1992,  Differential  re- 
sponses  to  mental  stress  in  high  and  low  anxious  normal  hu mans  assessed  by  Frontal 
midline  theta  activity,  International  Journal  of  psychophysiology:  Official  Journal  of 
the  International  Organization  of  Psychophysiology  12, 169-178  1592679 
Mizuld,  Y„Kajimura,  N^Nishikon,S.,lmaizumi,  J^Yarnada.  M„  t9B4*  Appearance  of  frontal 
midline  theta  rhythm  and  personality  traits.  Folia  Psychtatrira  et  Neurologica  japon- 
ica  38,451-458  6535746. 

Mizuki,  Y« Tanaka,  M„tsozaki,  FL  Nishijima,  HJnanaga.  K.,  BSD,  Periodic  appearance  of 
thera  rhythm  in  the  frontal  mid  line  area  during  performance  of  a  mental  task,  elec¬ 
troencephalography  and  Clinical  Neurophysiology  49,  345-351  615841 1, 

Moores.  KA.Oark,  Oi  McFarlane,  AC.Brown.  G.CPuce,  A., Taylor.  D.J*  2fm  Abnormal 
recruitment  of  working  memory  updating  networks  during  mainterwocc  of  trauma 
neuiral  information  in  post -traumatic  stress  disorder.  Psychiatry  Research  163, 

1 56- 1 70.  hltp:','d>Ldoi.DrgriO.  l0l6/j.pscydiresns.2907,0S,01 1 1S455372. 

Morris.  J^.,  Oh  man.  A.,  Dolan,  R.J.,  199B,  Conscious  and  unconscious  emotional  learn¬ 
ing  in  the  human  amygdala.  Nature  393,  467-470.  http:  tfx.dcu.org 71 OJ  038  / 
309769624001. 

Mosher,  J.C.,  Leahy,  RM,  Lewis,  R5„  1999,  EEC  and  MEG;  forward  solutions  for  inverse 
methods.  IEEE  Transactions  on  Bin-Medical  Engineering  46,  245-259  1 0097460, 
Nagai,  M  .Kishi.  iLKato,  5.,  2007.  Insular  cortex  and  neut  opsychiatric  disorders:  a  review 
of  recent  literature,  European  Psychiatry:  the  Journal  of  tin?  Association  of  European 
Psychiatrists  22,  3B7-394  htt*n;AU,dai  org.  10,lGl6/j  eurpsy-2007  U20O6I74164SS. 
Nagata,  K„  Gross,  CL  Kindt.  GW.,  Gei  er .  J.M  „  Adey,  G.R.,  1985.  Topographic  dectroenceptv- 
alographic  study  with  power  rario  index  mapping  m  patients  with  malignant  brain 
l u mors.  Neurosurgery  17,  613*619  4058699. 

Nauta,  W.JJi,  1979.  Expanding  borders  of  the  limbic  system  concept.  In:  Rasmussen, !., 
Marino.  R.  [Eds,),  Functional  Neurosurgery.  Raven,  New  York,  pp,  7-23, 
Niedermeyer,  L,  Lopes  daSilva,  F.H.,  2flflS.  Electroencephalography:  Basic  Principles,  Cbn- 
ica]  Applications,  and  Related  Fietdsfjfrh  edition,  l  ippincort  Williams  A  Willems, 
Philadelphia. 

Ntr,  Y„  MukameL  d,  Dinstejn.  I„  privrnan,  E„  Hard,  M,t  Fisrh,  L.  Gelbard-Sagiv.  H„ 
Kipervasscr.  SAtidelimn*  F,nNeufeld,  M  Y.,  Kramer.  LUArieli.  A  ,  Fried  L.Malarh.  R.r 
200S,  Intel  hemispheric  correlations  uf  slow  spontaneous  neuronal  fluctuations  re¬ 
vealed  in  human  sensory  cortex.  Nature  Neuroscience  11.1 100- 1 108  19I60509. 
Otoen.  B^Salmsky,  M.C,  Elsas.  S.M.,  2006,  Vigilance,  alertness,  or  sustained  attention: 
physio  Logical  basis  and  measurement.  Clinical  Neurophysiology:  Official  Journal  ol 
the  International  Federation  of  Clinical  Neurophy si olc^ry  1 17,  1885  -1901,  Imp:  •  dx, 
doi.orgriO.l  01 6/jxlinph.20l)6.0 1 .017 1 6581 292, 

I'annu  Hayes,  J..  La  Bar.  KA*  Petty,  CM.  McCarthy,  G_  Morey,  HA,  2009  Alterations  m  the 
neural  circuitry  far  emotion  and  attention  associated  with  postiraiimatic  stress  symp¬ 
tomatology  Psychiatry  Research  172,  7-15t  http;, , -Jx.dni.utg  '10,1016  .j.pscy  clue  sits. 
2003.05,005 1 9237269, 

Passamonti.  L.  Fairchild,  G„Eornito.  A.,Coodyer,  ],M„  Nimtiio-Smilh,  L,  Hagan.  C.C, 
Calder.  A.J.,  2012,  Abnormal  anatomical  connectivity  between  the  amygdala 
and  orb  i  to  frontal  cortex  in  conduct  disorder,  PloS  One  7,  e48789,  bnp://dx,doi, 
org  10  1371  'j  ou  ma  I  ,p  one.004  87892  3 1 44970. 

Kabinak.  CA,  Macnamara.  A..  Kennedy.  A.E.,  Angsradt,  M.  Stein,  M.B  .libef^on,  t„ 
Phan,  K,L,  2014  Focal  and  aberrant  prefrontal  engagement  during  emotion  reg¬ 
ulation  m  veterans  with  post  trauma  tic  stress  disordei  Depression  and  Anxiety 
(in  press)  24677490, 

Rauch,  S.L.Shin,  LM.,Pbdps.EA.  2006,  Neurocircuitiy  models  of  post  traumatic  stress  dis¬ 
order  and  extinction:  Human  neumirrwging  research  -  past,  present,  and  Future  Bi¬ 
ological  Psychiatry  60,  376-382.  hrtpT\/dx*doidrg/1O.1Qt6/j.hmpsych,20Q6.QG. 
00416919525. 

Rauch,  5, U Shirk  LM.  Whalen.  PJ „  Pitman.  R,K„  1998.  Neuroimaging  and  the  neuroanato- 
my  of  FTSD,  C,N,S,  Spetmims  3  fSuppl  2)t  30  41, 

Renshaw,  K,D,.  201  U  An  integrated  model  of  risk  and  protective  factors  lor  post- 
deploymenl  TfSD  symptoms  in  OEF/OlFera  combat  veterans.  Journal  of  AfTective  Dis¬ 
orders  128,  321-326.  http:  vdx,doi,org/10.1 01  e/Jj ad. 201 0.07,02220692705, 
Robinson,  SJ-HVitja,J.,  1999.  Functional  neuroimaging  by  synthetic  aperture  magnetnnv 
eery  {5AM j.  In;  Yoshimoto.lH  Kfflani,  M„  KurikLS.,  Kanbc.  H.,  Nakasato,  N.  (Eds,).  Re¬ 
cent  Advances  in  Biomagnetism.  Tbhofcu  University  Press,  Sendai  Japan,  pp;  102  -305. 
Rosen,  G.M^Lilicnfeld,  5.O.,  200S.  PostEraurru  be  stress  disorder:  an  empirical  evaluation  of 
core  assumptions.  Clinical  Psychology  Review  28,  837-868.  http:  dx.doi.org/10 
1 016, J.cpr_2007.1 2,0021 83291 46. 

Schaul  N„  1998.  The  fundamental  neural  mechanisms  of  electrofticephalography.  Elec¬ 
troencephalography  and  Clinical  Neurophysiology  100,  1 01  -107  9741769, 

Schaul,  N  .GIoori  P.,BaJL  Cornu n,j.  1978.  The  electromicrophysiology  of  delta  waves 

induced  by  systemic  atropine.  Brain  Research  143,  475-486  647373, 

Scheeririga.  R^Peterwon,  K.M,,Kleinschmidt,  A. Jensen,  O..BiStiaan5cn,  M,C  2012  EEC 
alpha  power  modulation  of  fMRI  resbng-state  connectivity.  Brain  Connectivity  2. 
254  -  264.  h  n  p;  d  x.doLorg/ 1 0. 1 089/brai  n^tl  1 3.O0SS2293882  a 


Schfilvinck.  M,L.  Leopold,  DA,  Brookes,  M  j„Khadcr*  T  H„  201 3,  The  contribution  of  eiec- 
tmphysiotogy  to  functional  connectivity  mapping  Neurolinage  SB.  297-306,  htlp:/. 
dR,dor,nirs/ 1 0.  \  Q 1 S  J.neuminuge,  201 3,04.01 023587686, 

Schfilvinck,  M.L.Maler,  A  Ye.  F.Q  .  Duyn.  J.H  ,  Leopold.  D.A.,  2{)10,  Neural  basis  of 
global  resting-state  fMRI  activity.  Proceedings  of  I  he  National  Academy  of  Sci¬ 
ences  of  the  United  States  of  America  107,  10238- 1 U243,  http:  '/dx,do|,org  10, 
1 07  3  /p  ltd  5.09 13110107  204  39  733, 

Sekihara,  K„Nagarajan,  S  S.J’neppel,  D„  M-UanU.  A.,  Miyashita,  Y.,  200),  Recnpstrurling 
spatto- temporal  activities  of  neural  sources  using  an  MEG  vector  tk*am former  tech¬ 
nique  IEEE  Transactions  on  Bio-Medical  Engineering  48,  760-771.  http:  .dx,doi.orgrJ 
10,1 109/10930901 1 1442288. 

Semple,  W,E, Coyer.  PF., McCormick,  R„ Donovan,  H.f  Muxicjr.,  R,F,,Rugle,  UMcCutcheon, 
K,  Lewis,  CrUebling,  D^Kowaliw,  Sn  Vapenik, .tL  Semple.  MA.Flener,  CKr,Scllul?,  5,C 
2000.,  Higher  hram  blood  flow  at  amygdala  and  Inwet  frontal  cortex  blntjd  flow  in 
PI51)  park  tits  with  comorhid  cocaine  and  alcohol  abuse  compared  with  normals, 
t*sychiairy  S3, 65-74  10855761, 

Shirt,  LM  .Busk  G..Mnad.  M.R„Usko,  N,B..Bmhawii,  K,H Hughes,  K.C.Mpicklin,  M  L.Gold, 
A.LKarpf,  Ri3.,  Orr,  5.P,  Rauch,  SJL,  Pitman.  R.K,  201 1 ,  Exaggerated  activation  of  dor¬ 
sal  anterior  cingulate  cortex  during  cognitive  interference:  a  monozygotic  twin  study 
of  postraumatic  stress  disorder.  American  Journal  of  Psydiiatry  1 68, 979-985,  http: . , 
djcdoi.org/Ul.  1 1  TEi/appi.ajpJO  H, 09 121 8  3  221724666. 

Shin,  LM,,  Bush.  G„ Whalen,  P J„  Handwn^er,  K^Canmstraro,  PA,  Wright  CL.Mams.  B., 
Mack  I  m,  M,L,Usko.  NB.,Ojt,  S.P.,15tman.  R-K,,KJtirik  SJL,  2007,  Dorsal  anterior  cin¬ 
gulate  function  in  pos (trauma lit  stress  disorder,  journal  uf  Traumatic  Siress  20, 
70 1  71 2.  hnp://dx,doi.org/l a ! MG/jls,2023 1 1 7955522. 

Shin,  L.M„l.ibEi^an,  I,,  2010.  The  ncurorimiitry  nf  fcTur,  stress,  L?nd  anxiety  disorders, 
Nesmipsychopharmacnlngy:  Official  Publication  of  the  American  College  of 
Neuropsychopharmacology  35,  169-191,  http:/dx.dai.ulg/10,103S/ripp,2tif}9, 
8319625997, 

Shin.  L.M.*  Orr.  S  ACansoa  M A,  Rauch.  S.LMacklrn,  M,L,Usko,  N.B.,  Peters,  P,M.. 
Metzger,  LJ„  Dougherty,  D.D.,  Catinistrarn,  PA.  Alperl,  N,M  ,  Fisdiman,  A.J., 
Pitman,  R.K.,  2004a,  Regional  cerebral  blood  flow  in  the  amygdala  and  medial 
prefrontal  cortex  during  traumatic  imagery  In  mate  and  female  Vietnam  vet¬ 
erans  with  H  SD.  Archives  of  General  Psychiatry  6  L  168  176.  hnpr/.  dx.doi  org, 

1  a  1W1  l/archpsyc.bl  .2, 1 681 4757593. 

Shin.  LM..  Rauch,  SL,  Pitman,  K.K..  2906.  Amygdala,  medial  prefrontal  cortex,  and  hippo- 
cam  pat  function  in  PTSD.  Annals  of  the  New  York  Academy  nf  Sciences  1117!.  67-79, 
Imp:  cbLtlcuoi^VU.  1 196/annals.  1 364.0071 689 1 563, 

Shin,  LM  .Shin,  PS,, Meekers,  SHKrangel,  fAMackltn,  M.L.Orr, S.P.fLasko,  N., Segal,  L, 
Makns.  N^Kicherl,  JC,  Levering,  Schacter,  D.L,  Alport,  N.M  jischman,  AJ.,  hi  man, 

R, K„  Rauch,  S.L,  2tX)4b.  Hippocampal  function  in  posltraumatic  stress  disorder.  Hip¬ 
pocampus  14,292^300. 

Shin,  LM  , Whalen,  P.J., Pitman,  UK,, Bush,  G  .Macklin.  M  L.Usko,  N.B  .Orr,  S,P.,Mclneriiey, 

S. r„  Rauch,  S.L.  2001,  An  fMRI  study  of  anterior  cingulate  function  (n  posnfaumatic 
stress  disorder,  Biological  Psychiatry  50, 932-942  1 1750889. 

5 funnel,  A.,ljeopold.  DA,  21X18.  Neuronal  correlates  of  spontaneous  fluctuations  in  fMRI 
signals  in  monkey  visual  cortex:  implications  for  functional  connectivity  at  rest. 
I  luma n  Brain  Mapping  29, 751  -  76L  http:  dx,iloi,nvg/1 0, 10B2/hlrni,205HB 1 84G5799, 

5hu,  t.W,,Onton,  JAPrabhakar,  N„  O'Connell,  R.M  .  Simmons.  A-^.M+iirheWS,  S.C.,  2014. 
Combai  veterans  with  |*TSD  after  mild  IBI  exhibit  greater  ERPs  from  posterior- 
medial  conical  areas  while  appraising  facial  features  Journal  of  Affective  Disorders 
1 55,  234-240.  http  ,  ,d.X-doi  org/1 0.  IDIti/jjadAH 3D6.057243421 49, 

Singer,  Wr.  I9W.  Neuronal  synchrony:  a  versa!  ile  code  for  the  definition  of  relations? 
Neuron  24,  49  65  10677026. 

Smith,  T.C.Ryan.  MA.Wingard,  DL,  Sly  men,  D.J™Sallis,],F,1Krit^Silvefjfiein,D.r  2008,  New 
onset  atid  persisient  symptoms  of  post-traumatic  stress  disorder  self  reported  after 
deployment  and  combat  exposures;  prospective  population  based  US  milil.iry  cohort 
study.  BMJ  [Clinical  Research  Ed,)  336,  366- 37 L  http:  dxJnj.org /if)  1 1 36  bmj. 
394  30.63  824 1 .  AE 1 8 1 93396 

Song,  T.,Caa,  ICCtti,  L,  Feffer,  ULee,  K.R.,  Huang,  M.,  21X1S.  Evaluation  of  signal  spate  sep¬ 
aration  via  simulation.  Medical  A  Biological  Engineering  A  Computing  46,  923-932. 
h  u  p:  .'VdJCdoi  .org/ 1 1  i.  1 007  /s  U  5 1 74XJ7  -0  290-y  1 8 1 963  07, 

Sponhcim,  SA Clement*.  BAH  lacom,  W.C.,  Reiser,  M„  2000.  Clinical  and  biological  con¬ 
comitants  of  resting  state  EEC  power  abnormalities  in  schizophrenia.  Biological  Psy¬ 
chiatry  48,  1088-  1097  1 1 DM  142, 

Strigo,  I  A.  Simmons,  A  JM,  Matthews,  S.C,  Grimes.  EM,  A  Hard,  G.B..Reinhardl,  LL..  Paul  us, 
M.P.,  Sicin,  M.B.,  2010,  Neural  correlates  of  altered  pain  response  in  women  with 
post  traumatic  stress  disorder  from  intimate  partner  violence.  Biological  Psychiatry 
68,  44M50.  http ;/dx,d oi.org;  10.10 1  ti/j  biopsych  2010,03.03420553750. 

Takahashi,  N.Shinomiya,  S„Mon,  D.,  rathibaoa,  SH  1997,  Frontal  mi  dime  theta  rhylhrn  in 
young  healthy  adults*  Clinical  EEC  [Electroencephalography  I  28,  49-54,  9013053. 

Talairach,  J.,Tuumoux,  P.,  1988.  Cq-planar  Stereotactic  Allas  of  the  Human  BrainTlneme 
Medical  lYibJishers,  Stuttgart  and  New  York, 

Tanicltan,  I.Jaycnx,  LH ,  2008.  Invisible  Wounds  of  War:  Psychological  and  Cognitive  In¬ 
juries,  (heir  ton  sequences,  and  Services  to  Assist  KecuveryKAND  Cnrpo  ration,  Santa 
Monica,  CA 

Tartaglione*  A  ,  Spadavecchia.  L,  Mac u loth,  M  .  Bandmi*  F.,  2012,  Resting  slate  in 
Alzheimer's  disease:  a  concurrent  analysis  of  flash-vtsual  evoked  potentials  and 
quantitative  EEC*  BMC  Neurology  12, 145.  Imp:  ■  dx.doi.org/ 10.1 186  147 1-2377 -12- 
14523190493, 

Taulu.  S.,Kaiola,  M  .Siniola.  j„  2004a.  Suppression  tif  tmerfe fence  and  artifacts  by  the  sig¬ 
nal  space  separation  method.  Brain  Tojiography  16,  269-275  15379226. 

Taulu,  S,*Simola.  J,F  Kajnla,  M.,  20(Mb,  MEG  recordings  nf  DC  fields  using  the  signal  space 
separation  method  fSS5).  Neurology  and  Clinical  Neurophysiology  15. 

Van  Veen,  B.D.van  Dmngelen.  W„  Yuehtmart,  M.,  Suzuki,  A,,  1997. 1 idealization  of  brain 
electrical  activity  vta  linearly  constrained  minimum  variance  spatial  filtering.  IEEE 


M.-K  Huang  ef  al  f  Neuralmagp:  Clinical  5(2014)  4QB-41 9 


419 


Transactions  on  Bio-Medical  Engineering  44,  867 -880.  h up ://rix. ctni.org/ 10.1 109/10, 
6230569282479. 

Vieth,  J.B„Kdber,  HHGmmmjcb.  P..  19%.  Sources  of  spontaneous  stow  waves  assodalod  with 
brain  lesions,  localized  by  using  the  MEG.  Brain  Topography  8.  215-221  B72S40&. 

Weathers,  F.W.,  Keane,  T.WL  David  so  n.J.R.,  2001,  Gi  mean-administered  IT5U  scale:  a  re¬ 
view  of  the  first  ten  years  of  research,  Depression  and  Anxiety  1 3, 1 32- 156, 1 1 387733. 

Weathers,  F,W.,U&r  B,T  ,  Herman,  DS.Huska,  JA,  Keane,  TM,  1993,  The  PESO  checklist 
reliability,  validity,  &  diagnostic  utility,  Paper  Presented  at  the  Annual  Meeting  of 
the  International  Society  for  Traumatic  Stress  Studies. 

Weaihcis,  F,W„Rustioh  A,M„  Keane,  T,M„  1999,  Psychometric  properties  nf  nine  scoring 
rules  for  the  dinidan -administered  posttraumatic  stress  disorder  scale.  Psychological 
Assessment  1 !,  124-133. 


Whalen,  P.j„,  Rauch,  S.L.Etcoff.  N.L.McIncmey.  5X1  Lee,  M-B-Jenike,  MA,  1998.  Mashed 
present  at  to  ns  of  emotion  I  facial  expressions  modulate  amygdala  activity  without 
explicit  knowledge.  Journal  of  Neuroscience:  The  Gllkialjournai  of  the  Society  for 
Neuroscience  10,411-418  9412517. 

Whalen,  P,J„Shia  LM.,  Mdnemey.  S.C.Fischer,  H.,  Wright,  Ci.rRauch,  S.t,  2001  A  func¬ 
tional  MR!  study  of  human  amygdala  responses  to  facial  expressions  of  fear  versus 
anger.  Emotion  {Washington.  D.C.)  1,  70-03  12S94812, 

Van,  X„  Brown,  A.D.,  Lazar,  M,  Crcssman.  V.L,  Herm-Haase.  C.Neylan,  T,C  .Shalev. 
A„  Wolkowitz,  O.M„  HamilEon,  5.P.,  Yehuda,  R„Sodiekson,  U.K..  Werner,  M.W,. 
Marriiai,  C,R,,  2013.  Spontaneous  brain  activity  in  combat  related  TT50. 
Neuroscience  Letters  547.  1-5.  hnp;//dx  .doi.org/1ti* 1016/j.neulet,20n ,04. 
03223643995, 


NIH-PA  Author  Manuscript  NIH-PA  Author  Manuscript  NIH-PA  Author  Manuscript 


NIH  Public  Access 

Author  Manuscript 

Psvehmom  W &£  Author  manttseiipi;  yvaitable  in  PMC 


i  V 


Published  in  final  edited  form  as: 

Psychosom  Med.  2014  May  :  76(4):  292-301 .  doi :  1 0. 1 097/PS Y.00()0000000000056. 

Heart  rate  variability  characteristics  in  a  large  group  of  active- 
duty  Marines  and  relationship  to  posttraumatic  stress 

Arpi  Minassian,  Ph.D*1’2,  Mark  A.  Geyer,  Ph.D.1*23,  Dewleen  G*  Baker,  MD1f2  3f  Caroline  ISA. 
Nievergelt,  Ph.DA2  3t  Daniel  T.  O'Connor,  MDA  the  MRS  Team3,  and  Victoria  B.  Risbrough, 
Ph.D  J-23 

1  Center  of  Excellence  for  Stress  and  Mental  Health  (CESAMH),  Veteran's  Administration,  San 
Diego,  California 

2  Department  of  Psychiatry,  University  of  California  San  Diego,  La  Jolla,  California 

3  VA  San  Diego  Healthcare  System,  San  Diego,  California 

4  Department  of  Medicine,  University  of  California  San  Diego,  La  Jolla,  California 

Abstract 

Objective—!  lean  rate  variability  (1 IRV),  thought  to  reflect  autonomic  nervous  system  function, 
is  lowered  in  conditions  such  as  posttraumatic  stress  disorder  (PTSD).  The  potential  confounding 
effects  of  traumatic  brain  injury  (TBI)  and  depression  in  the  relationship  between  HRV  and  PTSD 
have  not  been  elucidated  in  a  large  cohort  of  military  service  members.  Here  we  describe  I IRV 
associations  with  stress  disorder  symptoms  in  a  large  study  of  Marines,  w  hile  accounting  for  well- 
known  covariates  of!  IRV  and  PTSD  including  TBI  and  depression* 

Methods — Tour  battalions  of  male  active-duty  Marines  (N— 2430)  were  assessed  1-2  months 
prior  to  a  combat  deployment.  I  IRV  was  measured  during  5  minutes  of  rest.  Depression  and  PTSD 
were  assessed  using  the  Beck  Depression  Inventory  and  Clinician  Administered  PTSD  scale 
respectively* 

Results — After  accounting  for  covariates  including  TRL  a  regression  indicated  that  lower  levels 
of  high  frequency  (HF)  I  IRV  were  associated  with  a  diagnosis  of  PTSD  (beta  =  -.20,  p=.Q35). 
Depression  and  PTSD  severity  were  correlated  (r=  .49,  p  <*00 1 ),  however  participants  with  PTSD 
but  relatively  Iowf  depression  scores  exhibited  reduced  HF  compared  to  controls  (p=*0l2).  Marines 
with  deployment  experience  (n=1254)  had  lower  ILRV  than  those  with  nu  experience  (p  =  .033). 

Conclusions — This  cross-sectional  analysis  of  a  large  cohort  supports  associations  between 
PTSD  and  reduced  I  IRV  when  accounting  for  TBI  and  depression  symptoms.  Future  post- 
deployment  assessments  will  be  used  to  determine  whether  pre-deployment  HRV  can  predict 
vulnerability  and  resilience  to  the  serious  psychological  and  physiological  consequences  of 
combat  exposure. 
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Introduction 

Heart  rate  variability  (HRV),  the  quantitative  assessment  or  variation  in  heartbeat  intervals, 
can  be  used  to  detect  alterations  in  autonomic  nervous  system  ( ANS)  function  (1 ).  Heart  rate 
is  in  part  determined  by  influences  on  the  sinoatrial  node  (SA)  pacemaker,  which  is 
modulated  by  both  the  parasympathetic  and  sympathetic  branches  of  Ihe  ANS  (2).  Spectral 
analysis  of  inter-beat  intervals  is  used  to  derive  the  high-frequency  (HP)  peak  of  I IRV, 
which  is  thought  to  reflect  parasympathetic  or  vagal  lone,  though  controversy  exists  about 

the  sensitivity  and  specificity  of  widely-used  IIRV  measures  (3, 4), 

1 IRV  and  regulation  of  the  autonomic  nervous  system  have  been  suggested  to  be  use  fill  tn 
understanding  cardiovascular  and  other  health  risks  (4,  5).  Decreased  HRV  has  been 
associated  with  pathophysiology,  psychopathology,  and  increased  mortality  (It  6),  Previous 
studies  have  reported  lower  l  IRV  in  psychiatric  disorders  such  as  schizophrenia,  depression, 
bipolar  disorder,  panic  disorder  (7-10),  and  posllraumatic  stress  disorder  (PTSD)  ( 1 1-13). 
Accurate  assessment  of  HRV  can  be  done  irt  a  rapid  (5-minule)  period  of  time  (14)  using 
relatively  non-obtfusive  ins  tra  men  tali  on:  thus  this  physiological  index  has  been  used  to 
study  populations  that  may  be  at  high  risk  for  disrupted  ANS  functioning  and  the  associated 
health  complications. 

One  such  high-risk  group  is  represented  by  United  States  military  service  members  who  are 
deployed  to  combat  situations  such  as  Operation  Enduring  Freedom  (Afghanistan  post 
2001 ),  Operation  Iraqi  Freedom,  or  Operation  New'  Dawn  (OEF/OIF/OND),  Since  the  onset 
of  these  conflicts,  the  prevalence  ofPTSD  in  reluming  veterans  has  been  reported  at  13-15% 
(15,  16).  Prior  studies  have  shown  an  association  between  PTSD  and  lower  HRV  (8,  11-13). 
PTSD  is  strongly  associated  with  the  occurrence  of  a  traumatic  brain  injury  (TBI)  in 
OEF/OIF  war  veterans  (17);  furthermore  TBI  in  and  of  itself  has  been  related  to  lower  l  IRV 
(18).  Thus  an  unanswered  question  is  whether  l  IRV  is  associated  with  PTSD  even  when  TBI 
is  accounted  for,  in  a  population  at  elevated  risk  for  both  TBI  and  PTSD.  Depression  is  also 
an  important  factor  in  understanding  die  relationship  between  trauma  and  HRV  as  illustrated 
by  several  studies  on  civilian  trauma  survivors  (19,  20).  Unknown,  however,  is  the  potential 
role  of  depressive  symptoms  in  influencing  the  relationship  between  HRV  and  PTSD  in 
military  service  members  who  are  at  high  risk  for  both  psychiatric  conditions.  Military 
personnel  may  constitute  a  unique  population  with  respect  to  trauma  and  autonomic  function 
due  to  a  number  of  factors  including  prevalence  of  TBI.  physical  fitness,  repeated  exposure 
to  severe  combat-related  trauma,  and  oilier  features  distinct  to  military  service  members. 

The  current  study’s  objective  was  twfo-fold:  1 )  Assess  the  relationship  between  PTSD  and 
I  IRV  in  a  large  group  of  ac live-duty  Marines  while  accounting  tor  important  covariates  of 
PTSD  and  IIRV  such  as  TBI  and  depression;  and  2)  Introduce  the  methodology  used  to 
assess  IIRV  in  Ibis  large  participant  group  and  assess  the  influence  of  potential  covariates 
such  as  age  (2 1 , 22),  ancestry  (23),  and  use  of  nicotine  (24)  and  caffeine  (25,  26).  This  latter 
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goat  is  in  the  service  of  studying  HRV  changes  in  the  longitudinal  portion  of  this  study,  i.e., 
after  these  service  members  return  from  deployment.  The  quantification  of  ancestry  using 
genetic  markers  versus  relying  on  participant  self-report  is  a  novel  approach  to  replicating 
previous  associations  between  11 RV  and  ethnicity  (23)* 

We  hypothesized  that  lower  f  IRV  as  quantified  by  the  1  IF  component  would  be  associated 
with  a  PTSD  diagnosis  even  when  TBI  was  accounted  for  We  further  hypothesized,  based 
upon  previous  findings  in  civilian  trauma  survivors  (20),  that  the  co-occurrence  of 
depressive  symptoms  and  PTSD  would  result  in  lower  URV  than  PTSD  alone. 


Methods 

Participants 

Participants  were  active-duty  Marines  who  were  tested  approximately  one  month  prior  to 
deployment  to  GEF,  OIF,  or  OND  as  part  of  the  Marine  Resiliency  Study  (MRS),  a 
prospective  longitudinal  study  whose  objective  is  to  examine  markers  of  risk  and  resilience 
to  effects  of  combat  stress  in  active-duty  Marines.  Four  unique  Infantry  battalions  (cohorts) 
of  Marines  were  tested  between  July  2008  and  August  2010  at  one  of  two  bases:  Marine 
Corps  Air  Ground  Combat  Center  (MCAGCC)  in  Twenty-nine  Palms,  CA  (Cohorts  1, 2, 
and  3)  and  Camp  Pendleton,  CA  (Cohort  4),  Sec  Table  I  for  individual  cohort  sizes.  This 
study  was  approved  by  the  institutional  review  boards  of  the  Veteran's  Administration  San 
Diego  Health  System  1RB,  the  University  of  California  San  Diego,  and  the  Naval  Health 
Research  Center 

Ail  active-duty  Marines  who  were  planning  to  deploy  with  their  units  were  considered  for 
inclusion  into  die  study.  Females  were  not  included,  since  female  Marines  are  not  currently 
part  oflofantry  battalions.  Since  the  US  Marine  Corps  maintains  specific  guidelines  that 
prohibit  the  severely  mentally  ill  (i,e„  Schizophrenia,  Psychotic  Disorder,  Bipolar  Disorder) 
from  active-duty  service.  Marines  with  these  pre-existing  mental  illness  conditions  were  not 
included  in  I  he  study. 

The  overall  demographic  composition  of  Marines  in  the  MRS  lias  been  previously  reported 
(27).  Age,  ancestry,  and  other  co variate  data  for  the  participants  are  found  in  fable  2.  64.8% 
of  participants  reported  graduating  high  school  or  receiving  a  GED,  32. 1%  reported  some 
college  or  a  college  degree,  and  0.4%  reported  a  masters  or  doctors  I -level  degree.  61 .8%  of 
participants  reported  their  marital  status  as  never  married,  36.1%  reported  being  married, 
and  2.1%  reported  being  separated  or  divorced.  68.3%  had  a  junior  enlisted  rank  (E1-E3). 
28.9%  were  non-commissioned  officers  (E4-E9).  and  2.6%  were  commissioned  or  warrant 
officers.  Participants  reported  an  average  of  36.2  months  (standard  deviation -34 .6)  of 
military  service.  48,2%  reported  at  least  one  prior  deployment. 


Procedure 

All  participating  Marines  provided  voluntary  written  informed  consent.  Marines  were 
informed  about  confidentiality  relating  to  research  data,  and  research  records  w-ere 
rigorously  protected.  The  entire  MRS  test  battery  was  approximately  four  hours  in  duration 
and  included  a  comprehensive  evaluation  of  demographic  information,  history,  and  current 
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symptoms  with  respect  to  military  service,  drug,  alcohol  and  tobacco  use.  psychiatric 
conditions,  head  injuries,  and  psychological  trauma  (27),  Height  and  weight  were  measured 
and  blood  samples  were  taken  for  genetic  association  studies, 

for  the  assessment  of  HR  V,  participants  were  seated  in  quiet  rooms.  A  finger 
photoplethysniograph  {PPG,  Pasco  Scientific,  Roseville,  CA)  was  placed  on  the  nail  of  the 
righL  fifth  finger  which  rested  on  a  desk,  PPG  is  an  optical  technique  used  to  detect  beat-Lo- 
beat  blood  volume  changes,  for  example  as  a  result  of  pulse,  in  microvascutar  tissue. 
Fluctuations  in  the  blood  volume  of  the  finger  are  directly  related  to  the  activity  of  die  heart, 
thus  the  interval  between  peaks  in  the  PPG  signal,  known  as  the  PP  interval,  is  considered  a 
reasonably  accurate  reflection  of  the  RR  interval  (28).  PPG  has  been  shown  to  be  a  sensitive 
and  reliable  peripheral  instrument  for  the  capture  of  cardiac  activity  (29),  for  example  it  is 
highly  correlated  with  waveforms  from  simultaneous  BCG  recordings  (30,  3 1 ).  Frequency 
and  time-domain  measures  oFHRV  derived  from  PPG  were  not  significantly  different  from 
those  derived  by  a  simultaneous  two-lead  ECG  recording  (28),  PPG  was  sampled  at  the  rate 
of  1 000  IIz,  Using  an  oscilloscope  display  and  amplification  of  the  PPG  signal  (San  Diego 
Instruments),  the  examiner  ensured  that  the  PPG  was  adequately  capturing  the  heart  beat 
waveforms  without  cutting  off  the  peak  of  the  R  wave.  The  position  of  the  PPG  was  adjusted 
until  a  visually  clear  heart-beat  signal  was  obtained  and  each  Marine  was  asked  to  keep  his 
hand  relatively  motionless  during  the  5  min  recording.  Participants  were  asked  to  sit 
comfortably  and  direct  their  attention  to  a  computer  monitor  where  they  were  entertained 
with  simple  visual  puzzles  (e,g.  locating  hidden  images  in  a  photograph).  The  images  were 
selected  to  be  neutral  and  minimally  affectively  arousing  or  stress-inducing  (e.g.,  dolphins, 
frogs).  They  were  told  that  they  did  not  need  to  memorize  anything  and  that  they  would  not 
be  tested  on  the  images  afterward.  The  purpose  of  the  hidden  image  task  was  to  maximize 
the  likelihood  that  participants  remained  stationary,  awake,  and  alert  for  the  duration  of  Lhe 
recording.  The  images  changed  every  60  seconds  (thus  outside  of  the  bandwidth  for  both  LF 
and  l  IF  frequency  ranges — see  below)  and  the  order  of  presentation  of  the  images  was  the 
same  for  all  participants.  The  5-minute  HRV  recording  session  was  simultaneous  with  the  5- 
minute  acclimation  period  which  is  standardly  used  immediately  prior  to  a  session  of 
eycblink  startle  and  prepulse  inhibition  measurement  (32,  33),  Thus,  during  the  5-minute 
PPG  recording  session  participants  wore  headphones  which  delivered  continuous  broad¬ 
band  noise  at  a  decibel  level  of  70  dB,  w'hich  is  a  standard  level  lor  an  acclimation  period 
prior  to  an  eycblink  startle  session,  Participants  were  also  prepared  for  electromyography 
( EMG)  of  the  orbicularis  oculi  muscle  recordings  via  the  placement  of  two  skin  electrodes 
near  the  left  eye  for  the  purpose  of  subsequently  assessing  Lhe  eyeblink  startle  response  and 
sensorimotor  inhibition  after  the  heart  rate  recordings  presented  here  were  completed  (EMG 
data  will  be  reported  elsewhere).  Only  the  constant  70  dB  background  noise  was  delivered 
during  the  5-minute  HRV  recording. 

Data  Processing 

Data  files  (one  file  per  5-minute  session)  from  the  PPG  were  extracted  and  processed 
through  a  multi-step  procedure  to  generate  I IRV  variables: 
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1*  The  systolic  peaks  of  the  PPG  signal  were  identified  and  a  tachogram  representing 
intervals  between  heartbeats  (the  PP  interval)  was  generated  by  measuring  the  time 
difference  between  successive  peaks, 

2,  Tachograms  were  processed  by  the  HRV  analysis  module  of  VivoSease  1 ,0 
(Vivonoeties,  201  I ),  which  can  process  multiple  files  in  an  automated  '"batch 
process”  format.  Sec  Supplemental  Digital  Content  l  for  details  of  processing  and 
derivation  of  HR  V  measures. 

3,  Following  the  batch  process,  trained  scorers  (VR,  AM)  visually  inspected  each  file 
hi  accordance  with  the  Task  Force's  recommendations  that  automated  HRV 
analyses  should  be  followed  by  visual  inspection  and  manual  correction.  Additional 
corrections  were  required  in  approximately  8%-1 0%  of  files  and  each  corrected  file 
was  re-processed  to  generate  HRV  variables, 

4*  Files  for  which  the  software  determined  that  there  was  insufficient  artifaei-frec  data 
to  accurately  calculate  frequency-domain  variables  were  excluded  from  further 
HRV  analysis.  Typically  this  occurred  when  there  was  prominent  motion  artifact 
throughout  ihe  5-minute  session.  Table  I  displays  the  percentages  of  sufficient 
artifact- free  HRV  data  in  each  cohort. 

HRV  measures  were  generated  per  the  recommendations  of  the  Task  Force  of  the  European 
Society  of  Cardiology  and  the  North  American  Society  of  Pacing  and  Electrophysiology 
(14)  and  included  [definitions  and  physiological  correlates  can  be  found  in  (3,  14)  and 
specified  citations]: 

1*  HR:  l  leari  rate  in  beats/minute  over  the  5-rnmute  session:  a  time-domain  measure; 

2r  SDNN;  standard  deviation  of  the  R-R  intervals  in  ms;  a  time-domain  measure 
influenced  by  holh  sympathetic  and  parasympathetic  activity; 

3.  RMSSD:  root  mean  square  successive  differences  between  R-R  intervals;  a  time- 
domain  measure  primarily  influenced  by  parasympathetic  activity; 

4.  VLF:  absolute  power  of  the  very  low  frequency  (<  0,04  Hz)  band  in  ms2:  a 
frequency-domain  measure  whose  physiological  correlates  are  not  well-understood; 

5.  LF:  absolute  power  of  the  low  frequency  (0,04-0.15  Hz)  band  in  ms2;  a  frequency- 
domam  measure  thought  to  reflect  sympathetic  activity  and  some  parasympathetic 
activity  (34,  35); 

6.  I  IF:  absolute  power  of  the  high  frequency  (0.15-0.4  Hz)  band  in  ms2;  a  frequency- 
domain  measure  thought  to  reflect  primarily  parasympathetic  activity  (34?  35); 

7.  LFnorm:  LF  power  in  normalized  units  calculated  by  LF/(tola)  power-VLF);  a 
frequency-domain  measure.  LFnorm  reflects  the  percentage  of  total  powrer  that  is 
accounted  for  by  LF  which  reflects  both  sympathetic  and  parasympathetic  activity: 

8.  HFnonn:  HF  power  in  normalized  units  calculated  by  1 IF/(totai  power-VLF);  a 
frequency-domain  measure.  HFnonn  is  thought  to  reflect  percentage  of  total  power 
that  is  accounted  for  by  I  IF  which  reflects  primarily  parasympathetic  activity; 
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9*  LF/HF  ratio:  ratio  of  LF  over  HF;  a  frequency-domain  measure.  Higher  ratios  have 
been  proposed  to  reflect  more  sympathetic  relative  to  parasympathetic  activity  (36). 
It  is  important  to  note,  however,  that  use  of  the  LF/l  IF  ratio  as  a  robust  measure  of 
sympathetic  to  parasympathetic  balance  has  come  under  substantial  scrutiny. 
Eefcberg  provides  a  review  of  the  evidence  that  parasympathetic  contributions  to  LF 
are  significant  and  that  I1F  may  not  reflect  parasympathetic  function  when 
respiration  is  not  controlled  (4). 

Of  these  nine  variables,  the  LF/HF  ratio  and  the  transformed  values  for  SDNN,  RMSSD* 

LF,  and  1  IF  were  used  in  further  analysis,  l  IR  was  not  used  because,  in  relation  to  the  other 
measures,  is  not  a  direct  index  of  I IRV.  The  LF/I  IF  ratio  is  a  w  idely  used  index  that  is  the 
ratio  of  LFnomt  and  1  IFnorm,  thus  these  latter  variables  were  not  further  analyzed. 
Guidelines  on  the  selection  of  appropriate  epochs  for  assessing  HRV  suggest  that  a  5-minute 
recording  window  is  sufficient  to  derive  LF  and  HF  as  well  as  time-domain  indices  such  as 
SDNN  and  RMSSD,  but  accurate  assessment  of  VLF  likely  requires  at  least  a  50-minute 
recording  window'  (3,  14).  Thus,  VLF  was  not  included  in  subsequent  analyses. 

Variables  studied  in  relationship  to  1  IR  V  were  as  follows:  age  in  years,  ancestry,  hours  since 
last  nicotine  use  {for  participants  who  reported  using  nicotine  within  24  hours),  hours  since 
last  caffeine  use  (for  participants  who  reported  using  caffeine  w'ithin  24  hours),  body  mass 
index  (BMI)  in  kg/m2,  history  of  traumatic  brain  injury  (TB1)  as  defined  by  a  self-report  of 
head  Injury  that  was  accompanied  by  either  a  loss  of  consciousness  or  altered  mental  status, 
and  current  use  of  psychotropic  medications  (Table  2).  This  latter  category  was  defined 
broadly  as  the  current  use  of  one  ur  more  of  the  following  classes  of  medications: 
antidepressants,  benzodiazepines,  sleep  aids,  mood  stabilizers,  prescription  stimulants,  or 
antipsychotic  medications.  Beck  Depression  Inventory-1 1  (BDI)  (37)  scores  and  the 
Clinician-Administered  PTSD  Scale  (CAPS)  (38)  scores  w'ere  also  assessed  in  relation  to 
I IRV.  The  CAPS  is  □  clinician-administered  structured  interview  and  is  considered  the  ‘"gold 
standard1'  for  assessment  of  PTSD  symptoms  and  ascertainment  of  a  PTSD  diagnosis  using 
DSM-IV  criteria  (sec  below). 

Ancestry  was  determined  using  genetic  information  as  described  in  (39),  In  brief,  genotypes 
of  1,783  ancestry-informative  markers  { A I  Ms)  wrere  used  to  determine  a  participant's 
ancestry  at  the  continental  level  for  the  7  geographic  regions  Africa,  Middle  Fast,  Europe, 
Central/South  Asia,  East  Asia.  Americas,  and  Oceania,  Ancestry  estimates  were  determined 
using  STRUCTURE  v2J.2  I ,  t40)  at  K  7,  including  prior  population  information  of  the 
HGDP  reference  set  (4! ),  Based  on  these  ancestry  estimates.  MRS  participants  with  HRV 
data  w'ere  placed  into  4  groups:  participants  w  ith  >95%  European  ancestry-  were  grouped 
with  European -America  ns  (N  1 503);  participants  w'ith  >5%  African  ancestry  and  <5%  each 
Native  American,  Central  Asian,  East  Asian,  and  Oceanic  ancestry  as  African-American 
(  N=f45),  participants  with  >5%  Native  American  and  <10%  African,  and  <5%  each  Central 
Asian,  East  Asian  and  Oceanic  ancestry  as  Hispanic  and  Native  Americans  (N=434),  and  all 
others,  including  43  East  Asians  with  >95%  East  Asian  ancestry  as  Others  (N-348). 
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Statistical  Analysis 

Frequency  and  descriptive  statistics  were  generated  for  each  HRV  measure  (Table  d),  tn 
cases  where  a  variable  showed  significant  skew,  transformations  were  applied  per  the 
recommendations  of  Tab  a  ch  nick  and  Fidel  (42),  Natural  log  transformations  of  frequency^ 
domain  measures  such  as  LF.  HP,  and  the  LF/MF  ratio  are  widely  used  (11,  13,  21, 43-45). 
Following  transformation  of  the  appropriate  variables,  outliers  defined  as  greater  than  3 
standard  deviations  from  the  mean  were  excluded  from  subsequent  data  analyses  (Table  3  ). 
SDNN  and  RMSSD  showed  a  moderate  positive  skew  and  square  root  transformations  of 
these  variables  were  generated  (42).  LF,  HF,  and  the  LF/HF  ratio  showed  a  substantial 
positive  skew*  and  natural  log  transformations  were  generated.  After  the  log  transformations, 
distributions  were  inspected  and  skew'  was  assessed.  The  log-transformed  HRV  values  were 
normally  distributed.  Distributions  of  HRV  were  relatively  similar  across  the  four  cohorts 
(though  differences  in  mean  HRV  measures  were  observed  between  cohorts:  see  Table  4  and 
below  X 

A  high  proportion  of  Marines  had  BDI  and  CAPS  scores  of  zero  (22.3%  for  BDI,  15.7%  for 
CAPS);  hence  categorical  variables  were  created  for  BDI  and  CAPS  scores.  For  the  BDL 
three  categories  were  generated:  BDI  scores  off).  BDI  scores  between  1  and  19  suggesting 
minimal/mild  depression,  and  BDI  scores  of  20  or  greater  suggesting  moderate/severe 
depression.  For  the  CAPS,  Marines  were  categorized  as  having  no  symptoms  of  PTSD, 
meeting  partial  criteria  for  PTSD,  or  meeting  full  criteria  for  PTSD.  Full  criteria  are  derived 
from  the  DSM-1V  diagnosis  for  PTSD  and  require  the  following:  at  least  I  “B"  symptom 
(the  traumatic  event  is  persistently  re-experienced),  3  T”  symptoms  {persistent  avoidance 
of  stimuli  associated  with  the  trauma  and  numbing  of  general  responsiveness),  and  2  *'D" 
symptoms  (persistent  symptoms  of  increased  arousal).  Participants  were  deemed  to  have  met 
partial  criteria  for  PTSD  if  they  did  not  meet  lull  criteria  but  did  endorse:  \ )  at  least  I  "B11 
symptom*  2  “C  symptoms,  and  2  UDV  symptoms;  or  endorsed  2)  at  least  I  "B1'  symptom,  3 
symptoms,  or  2  “D"  symptoms. 

In  order  to  assess  the  relationship  between  HRV  and  PTSD  after  accounting  for  important 
covariates,  a  single  multinomial  logistic  regression  was  conducted  with  PTSD  category 
(comparing  no  PTSD  to  partial  PTSD  and  full  PTSD)  as  the  outcome  variable  and  HRV  and 
TBI  history  as  predictors  as  well  as  age,  cohort,  and  ancestry,  because  these  variables  were 
shown  to  have  significant  and  consistent  associations  with  1 IRV  {see  Table  4).  A  regression 
approach  was  chosen  tn  order  to  account  For  multiple  co variates  while  preserving  power, 
and  PTSD  category  was  chosen  as  the  outcome  with  the  hope  that  this  approach  could  most 
sensitively  detect  potential  HRV  changes  associated  with  different  severity  levels  of  PTSD, 
Cases  with  no  PTSD  were  used  as  the  reference  category.  As  above,  a  large  proportion  of 
zero  CAPS  scores  precluded  the  use  of  CAPS  scores  as  a  continuous  measure  of  PTSD 
severity.  In  order  to  minimize  mullicolinearity  among  the  highly  intercorrelaled  URV 
variables,  one  HRV  index,  fog- transformed  ill',  was  entered  as  a  predictor.  The  assumptions 
of  the  model  were  tested  with  goodness-of-fit  Pearson  and  Deviance  Chi-Squares, 
Significance  values  were  both  p  >  .100.  indicating  that  the  data  were  consistent  with  model 
assumptions. 
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To  assess  whether  there  was  a  PTSD-by-depressitm  interaction  on  MRV,  a  two-way  analysis 
of  variance  (ANOVA)  was  conducted  with  PTSD  categoiy  (no  PTSD  versus  full  or  partial 
PTSD)  and  BDI  category  (no  or  minimai/mUd  depression  vs.  moderate/severe  depression)  as 
the  independent  variables  and  log-transformed  I  IF  as  the  dependent  variable. 

To  provide  simple  descriptive  statistics  across  diagnostic  groups,  MRV  differences  with 
respect  to  presence  or  absence  of  a  DSM-IV  diagnosis  of  PTSD  as  defined  by  the  CAPS 
were  assessed  using  an  independent  samples  t-test,  and  1  !RV  differences  between  the  three 
BDI  categories  {no  depression,  minimai/mild,  and  moderate/severe)  were  assessed  using  a 
Univariate  ANOVA. 

Relationships  between  MRV  and  symptoms  scores  as  well  as  the  continuous  variables  of 
age,  BMI,  hours  since  nicotine  use,  hours  since  caffeine  use.  and  scores  on  the  Alcohol  Use 
Disorders  Identification  Test  (AUDIT)  (46)  were  assessed  with  Pearson  R  correlation 
coefficients.  I IRV  differences  with  respect  to  presence  or  absence  of  a  FBI,  history  and 
presence  or  absence  of  psychotropic  medication  usage  were  analyzed  using  Independent 
sample  t-tests.  I  IRV  differences  between  cohorts  and  ancestry  categories  were  analyzed 
using  Analyses  of  Variance  (ANOVA).  I  IRV  differences  between  those  with  a  history  of  a 
prior  deployment  and  those  without  a  deployment  history  were  analyzed  using  Analysis  of 
Covariance  (ANCOVA)  with  age  as  a  co variate  and  PTSD  group  as  a  factor.  It  should  be 
noted  that  cohort  ( I  -4)  had  significant  associations  with  both  MRV  variables  and  outcome 
measures  of  interest  (BDI,  CAPS);  hence  our  descriptive  statistics  are  presented  by  cohort. 
The  four  cohorts  were  tested  during  four  different  periods  and  uncontrolled  factors  such  as 
season,  differences  in  training,  and  differences  in  specific  deployment  destination  may  have 
occurred.  To  account  for  this  potential  variance,  cohort  was  consistently  kept  as  a  factor  in 
our  statistical  models. 

Significance  levels  were  set  at  p  <  0,050  and  Cohen's  d  and  partial  Eta  squared  (i\p2)  effect 
sizes  were  calculated  when  relevant.  Statistical  analyses  were  conducted  with  PASW/3PSS 
18. 

Results 

Description  of  HRV 

The  range  of  the  MRV  measures  (Table  3)  were  generally  consistent  with  MRV  values 
reported  in  a  recent  review  of  44  short-recording  MRV  studies  (47),  with  die  exception  of 
values  ofVLF,  LF  and  MF,  which  are  substantially  higher  in  the  current  population  than 
what  has  been  previously  reported. 

Relationship  of  HRV  to  depression  and  PTSD 

Across  all  four  cohorts,  1678  (69%)  participants  were  categorized  as  having  minimal  to  mild 
depression  while  189  (7.8%)  participants  were  categorized  as  having  moderate  to  severe 
depression.  The  ANOVA  yielded  no  significant  differences  or  trends  among  die  three  BDI 
categories  on  any  of  the  MRV  measures. 
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Across  ul I  four  cohorts,  120  Marines  (4,9%)  were  categorized  as  meeting  the  full  criteria  for 
PTSD  while  195  Marines  (8,0%)  were  categorized  as  meeting  partial  PTSD  criteria.  The 
multinomial  logistic  regression  with  PTSD  category  as  (he  outcome  and  HRV,  TBf  group 
and  oilier  covariates  as  predictors  was  statistically  significant  (Chi-Square  -  77.7,  p  <  .00 1 , 
pseudo- I IRV  reached  statistical  significance  in  its  association  with  partial  PTSD 
and  full  PTSD  (Table  5)  such  that  log -Iran stormed  I  IF  values  were  lower  in  individuals  with 
partial  and  full  PTSD  compared  to  individuals  without  PTSD.  As  a  confirmatory  post-hoc 
analysis,  an  ordinal  regression  was  conducted  with  PTSD  category  (no  PTSD,  partial  PTSD, 
full  PTSD)  as  the  ordinal  outcome.  The  proportional  odds  assumption  was  met  (Test  of 
Parallel  lines  Chi-Square  -  1 1 .8,  p  <  .100).  The  model  was  statistically  significant  (Chi- 
Square  "  65.5,  p  <  .001  h  and  again  IIP  was  statistically  significant  in  its  association  with 
PTSD  (ordered  log-odds  estimate  ^  -.18,  p  -  .004)  when  other  covariates  were  also  in  the 
model 

The  two-way  A  NOV  A  with  PTSD  group  and  depression  group  as  independent  variables  and 
log-transformed  l IF  as  the  dependent  variable  indicated  no  significant  PTSD-by-depresston 
Interaction  [F(  1 ,2387)=  18,  ns,  i|p2<.001 1]  nor  a  main  effect  of  depression  group 
[F(  1 .2397)^.05,  ns,  tjp2  <  .001).  Figure  1A  displays  back- transformed  l  IF  means  comparing 
subjects  with  no  PTSD  and  no  depression,  subjects  with  depression  but  no  PTSD,  subjects 
with  full  or  partial  PTSD  and  depression,  and  subjects  with  lull  or  partial  PTSD  bill  no 
depression.  The  main  effect  of  PTSD  group  did  not  reach  statistical  significance 
[F(l  ,2397)^2.55,  p=.  til,  J]p2  -  .001  )„  but  post-hoc  comparisons  of  the  four  groups  indicated 
that  the  PTSD-only  group  had  significantly  lower  1  IF  than  the  group  without  PTSD  and 
depression  ip  =  .012). 

Follow-up  Pearson  correlations  within  full  and  partial  PTSD  cases  indicated  that  l  IF  was  not 
significantly  associated  with  any  specific  symptom  CAPS  symptom  domains  (re- 
experiencing  r  -.02,  ns,  avoidance  r  ■  -.001,  ns,  or  arousal  .02,  ns).  A  Pearson 
correlation  also  Indicated  that  total  CAPS  scores  were  significantly  positively  correlated 
with  BDI  scores  (r=  .54,  p  <  .001),  even  when  subjects  with  BDI  and  CAPS  scores  of  zero 
were  excluded  from  the  correlation  (n-  1655,  r  ,49,  p  <  ,001). 

The  120  participants  across  all  four  cohorts  who  met  full  diagnostic  criteria  for  PTSD  were 
compared  to  participants  without  full  or  partial  PTSD  (n~2l  15)  on  the  selected  i  IRV 
measures  using  independent  samples  Mests,  Levene's  tests  for  Equality  of  Variances  were 
non-significant  for  all  five  HRV  measures.  Marines  with  PTSD  had  significantly  lower 
RMSSD  [t(2210)=2.2,  p  -  .027.  d  =  .2 1  ],  lower  LF  [t(2207)=2.6,  p  =  .010,  d  -  .24].  and 
lower  l  IF  [t(22 13J-2.5,  p  =  .013,  d  =  .23]  than  study  participants  without  full  or  partial 
PTSD.  The  LF/1  IF  ratio  did  not  significantly  differ  among  the  two  groups  [t(2217)=.82,  ns. 
d  -  ,08],  nor  did  SDNN  [L(22 1 8)=1.7,  p  =  .087,  d  .  \  6). 

Relationship  of  HRV  variables  to  covariates 

The  relationship  between  at  least  one  of  the  selected  I1RV  measures  and  the  following 
variables  reached  statistical  significance;  cohort,  age,  ancestry,  hours  since  nicotine  use, 
BM1,  history  ofTBI,  psychotropic  medication  use,  and  history  of  prior  deployments  (Table 
4),  Because  cohort  had  significant  associations  with  many  HRV  variables,  we  consistently 
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kepi  (l  in  as  a  factor  in  our  subsequent  regression  models.  Variables  associated  with  lower 
I IRV  included  older  age*  non-Caucasian  ancestry*  RM1,  recency  of  nicotine  use*  and  TBI 
history*  Figure  IB  displays  back-transformed  1117  means  of  no  PTSD  versus  partial  or  fill! 
PTSD  subjects  with  and  without  a  TBJ  history.  There  were  small  effect  sizes  for  HR  V 
differences  between  participants  who  were  taking  psychotropic  medications  and  those  who 
were  not  such  that  psychotropic  medication  users  had,  on  average,  higher  HRV.  Finally, 
when  age  was  used  as  a  co variate.  Marines  with  a  history  of  prior  deployment  had 
significantly  lower  HF  than  ihose  without  a  deployment  history.  Allhough  the  deployment 
h istory-by-PTS D-group  interaction  was  not  statistically  significant  [F(2,24Q2=,72,  ns], 
planned  comparisons  indicated  that  TIF  was  significantly  lower  in  previously  deployed 
participants  without  PTSD  versus  participants  without  PTSD  who  did  not  have  a  previous 
deployment  (p-  *033),  This  difference  did  not  reach  statistical  significance  in  those  with 
partial  PTSD  or  full  PTSD  (Figure  2).  It  is  detailed  in  Figure  2  that  the  sample  sizes  for  the 
comparisons  in  the  partial  and  full  PTSD  groups  were  substantially  smaller  than  those  for 
the  no  PTSD  comparisons*  Figure  2  displays  back -transformed  IIP  means  for  Marines  with 
and  without  a  deployment  history  delineated  by  PTSD  groups  and  adjusted  forage. 

Discussion 

We  have  described  a  relatively  non-obtrusive  and  rapid  methodology  to  assess,  process,  and 
analyze  11RV  in  a  large  population  of  military  service  members  who,  because  of  their 
eventual  deployment  to  combat  zones,  are  at  risk  of  developing  stress- related  conditions* 
Furthermore,  we  have  tested  the  relationship  between  I IRV  and  PTSD  while  accounting  for 
a  history  of  traumatic  brain  injury  and  depression  symptoms.  TBJ  is  highly  prevalent  in 
mil  itary  service  members  of  the  recent  conflicts  in  the  Middle  Fast,  and  the  presence  of  TBI 
and  PTSD  together  have  been  identified  as  the  ''signature  injury”  of  these  wars  (48).  The 
overlap  between  TBI  and  PTSD  in  military  service  members  is  further  exemplified  by  the 
recent  observation  dial  deployment-related  TBI  is  a  strong  predictor  of  deployment-related 
PTSD  (49),  Further,  there  are  known  effects  of  head  injuries  on  HRV  (albeit  not  strongly 
observed  in  our  study,  see  below).  Despite  this  knowledge,  no  study  on  PTSD  and  11RV  in  a 
military  population  has  controlled  for  TBI  history.  The  current  results  suggest  that,  even 
when  a  TBI  history  is  accounted  for,  lower  1  IRV  is  significantly  associated  with  PTSD. 

Depressive  symptoms,  however,  were  not  related  to  HRV  in  this  sample,  and  contrary  to  our 
hypothesis,  the  co-occurrence  of  PTSD  and  depressive  symptoms  was  not  associated  with 
lower  I  IRV  dian  either  condition  alone  even  though  PTSD  symptom  severity  and  depressive 
symptom  severity  were  highly  related.  Rather,  the  group  with  PTSD  in  the  absence  of 
moderate  or  severe  depressive  symptoms  had  the  lowest  I  IRV,  This  finding  is  in  contrast  to 
what  has  been  previously  observed*  Studies  in  non-military  trauma  survivors  suggest  that  a 
trauma  history  and  depression  interact  in  their  influence  on  autonomic  arousal:  for  example 
the  presence  of  depression  with  a  trauma  history  was  associated  with  lower  respiratory  sinus 
arrhythmia  Lhan  either  condition  alone  in  females  with  a  history  of  trauma  related  to  crime, 
natural  disaster,  or  assault  (19),  In  a  study  of  survivors  of  Hurricane  Katrina,  depression  was 
more  strongly  associated  with  lower  1  IRV  than  was  PTSD  (20),  a  finding  in  notable  contrast 
to  the  current  results*  While  depression  was  not  related  to  lower  HRV  in  the  current  study,  a 
prior  history  of  deployment  was,  even  in  Marines  without  a  PTSD  diagnosis,  reminiscent  of 
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a  recent  report  of  an  association  between  combat  exposure  and  decreased  J  J  RV  <  13),  Thus, 
the  relationships  among  depressive  symptoms,  trauma  symptoms,  and  autonomic  nervous 
system  function  may  vary  depending  on  the  population  of  trauma  survivors  and  is  highly 
dependent  on  the  nature  and  context  of  the  traumatic  event. 

Several  factors  could  explain  the  absence  of  a  relationship  between  depressive  symptoms 
and  I IRV,  one  of  which  is  the  inherent  limitation  of  a  self-report  instrument.  Furthermore, 
our  classification  of  BDI  scores  into  just  three  categories,  while  necessary  to  achieve 
adequate  sizes  of  groups,  may  have  been  too  coarse  to  detect  more  subtle  1 J  RV  differences. 
Lastly  but  importantly,  the  BDI  is  sensitive  in  capturing  the  severity  of  acute  depressive 
symptoms  but  is  less  informative  about  Lhe  chronicity  of  depression.  Most  findings  relating 
depression  to  I  IRV  have  been  conducted  on  individuals  with  a  chronic  depression  condition 
(7,  19).  Nevertheless,  the  current  findings  suggest  that  there  remains  a  high  co-occurrence  of 
symptoms  of  depression  with  post-traumatic  symptoms,  which  is  an  immediate  public  health 
concern  in  active-duty  military  personnel.  The  causal  directions  of  these  relationships  have 
not  been  well-elucidated. 

Marines  with  a  history  of  TBI  with  associated  altered  mental  status  or  loss  of  consciousness 
demonstrated  lower  I1RV,  but  the  effect  size  for  this  finding  was  very  small.  The  proportion 
of  Marines  reporting  a  previous  T  BI  was  relatively  high  (55.5%)  but  was  consistent  with  the 
published  characteristics  of  this  cohort  of  Marines  (27).  Many  of  these  cases  are  likely 
“mild"  head  injuries  gi  ven  l hat  either  allcred  mental  status  or  loss  of  consciousness  was 
sufficient  to  identify  a  TBI.  It  is  also  important  to  note  that  participants  were  asked  about  a 
history  of  any  head  injury,  not  solely  those  related  to  prior  military  deployments,  which 
likely  accounted  for  the  high  percentage  oi  l  Bis  in  this  sample  as  compared  to  other  studies 
(17).  Head  injury  has  been  associated  with  alterations  in  the  regulation  oTlhe  cardiac  system 
and  lower  I IRV  ( 1 8,  50,  5 1).  Interestingly  and  potentially  relevant  to  the  current  findings, 
JIRV  abnormalities  in  athletes  with  a  recent  concussion  were  only  observed  during  an 
exercise  session,  but  not  at  rest  <52  K  The  severity  of  a  TBI  as  well  as  time  elapsed  since  the 
injury  are  also  likely  to  be  important  factors  in  the  normalization  of  I  IRV  (51). 

Other  factors  that  were  associated  with  I  IRV  and  are  relevant  to  consider  in  future  analyses 
with  these  cohorts  included  age,  ancestry,  body  mass  index,  and  nicotine  use.  The 
relationship  between  age  and  11RV  has  been  widely  observed.  The  genetic  determination  of 
ancestry  underscores  previous  observations  that  genetic  factors  are  thought  to  contribute  to  a 
substantial  proportion  of  the  variance  ( 1 3-23%)  in  1  IRV,  albeit  less  so  than  the  combined 
influence  of  non -genet  ir  variables  such  as  age.  sex.  and  environmental  factors  (53).  BMf 
was  only  weakly  related  to  one  NRV  measure,  the  high-frequency  index.  BMI  is  known  to 
be  a  relatively  less  reliable  index  of  fat  accumulation  in  athletes  with  high  muscle  mass  (54). 
Active-duty  Marines  readying  for  deployment  to  a  combat  zone  fall  into  this  category  .  The 
high  fitness  levels  and  relative  youth  of  these  participants  may  also  account  for  the  higher 
values  of  11  RV  observed  in  this  study  compared  to  other  published  reports.  Recent  use  of 
nicotine  was  related  to  lower  l IRV,  supporting  previous  work  lhat  nicotine  use  may  alter 
autonomic  functioning  (24). 
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Mechanisms  underlying  lower  IIRV  in  PTSD  has  been  postulated  to  reflect  reduced  vagal  or 
parasympathetic  lone  { 14).  Diminished  parasympathetic  tone  may  accompany  changes  in 
amygdala  and  medial  prefrontal  cortex  activation,  brain  regions  that  have  been  implicated  in 
PTSD  and  are  thought  to  underlie  fear  and  threat  responses  (55,  56).  Changes  in  LF  and  1  IF 
have  been  associated  with  altered  connectivity  between  the  aforementioned  brain  regions 
and  structures  such  as  the  anterior  cingulate  and  insula  that  are  implicated  in  orienting 
attention  and  vigilance  (56,  57).  In  any  interpretation  of  findings  related  to  LF,  HF,  and  the 
LF/HF  ratio,  however,  it  is  important  to  consider  the  following  caveat.  There  has 
traditionally  been  an  overreliance  on  these  indices  as  being  direct  reflections  of  sympathetic/ 
vagal  balance.  As  Eckberg{4)  reviews,  parasympathetic  contributions  to  LF  are  significant, 
changes  in  I  IF  may  not  always  be  explained  by  changes  in  parasympathetic  activity,  and 
under  certain  conditions  sympathetic  and  parasympathetic  changes  occur  in  parallel  to  one 
another  and  not  reciprocally.  Thus  caution  should  be  used  in  making  firm  conclusions  about 
the  physiological  underpinnings  of  sympathetic  versus  parasympathetic  functioning  in  the 
absence  of  rigorous  experimental  controls. 

Other  limitations  of  this  study  include  a  restricted  age  range  and  a  lack  of  female 
participants,  limiting  the  general  izabi  I  ity  of  our  findings  to  a  relatively  young,  athletic  group 
of  males.  This  sample  is,  we  would  argue,  highly  representative  of  US  service  members 
currently  at  greatest  risk  for  com  bat- related  PTSD.  Another  limitation  is  that  there  were 
small  but  significant  differences  0 [p2  =  .0O3-.O54)  between  cohorts  in  HRV  and  other 
demographic  variables  that  may  have  been  due  to  chance  or  may  have  been  attributable  to  a 
number  of  random  factors  such  as  differences  in  season  of  testing,  individual  battalion 
demographics,  and  physical  training  courses  leading  up  to  or  prior  to  the  data  collection.  The 
relationship  between  I IRV  measures  and  PTSD  caseness,  however,  was  robust  enough  to  be 
significant  even  when  controlling  for  cohort.  Several  potential  experimental  factors  which 
can  affect  1TRV  are  relevant  to  mention.  First,  participants  were  asked  to  attend  to  video 
images  of  hidden  pictures.  Previous  studies  have  reported  cardiac  deceleration  during 
reaction  time  and  response  inhibition  tests  [sec  (58)  for  a  summary! .  Whereas  participants  in 
this  study  were  told  that  they  w'ould  not  be  required  to  respond  to  the  visual  images,  the 
paradigm  could  arguably  represent  a  cognitive  challenge  that  affected  HRV,  We  cannot 
entirely  rule  out  that  cognitive  activity  may  have  affected  1  IRV.  which  would  be  a  consistent 
phenomenon  across  all  participants  in  the  study.  Second,  no  measure  of  respiration  was 
obtained  during  HRV  assessment,  which  is  a  notable  limitation  since  changes  in  breathing 
rales  are  directly  related  to  respiratory  sinus  arrhythmia  (3)  and  can  also  be  associated  with 
different  mood  states,  e.g.,  higher  respiratory  rates  in  anxious  patients  f 59).  The  collection  of 
large  sample  sizes  of  Marines  in  short  time  frames  rendered  PPG  a  practical  rapid  method  as 
opposed  to  use  ofECG  Holler  monitors  plus  respiratory  band  application  and  recordings. 
Thus  w'e  were  not  able  to  assess  to  what  extent  breathing  rates  in  participants  w  ith  PTSD 
may  have  moderated  IIRV.  A  final  limitation  is  that  this  study  is  cross-sectional,  however 
prospective  analysis  of  these  cohorts  upon  return  from  deployment  and  after  onset  of  PTSD 
symptoms  is  ongoing. 

In  conclusion,  wre  have  described  our  methodology  for  the  collection  and  analysis  of  short¬ 
term  HRV  in  a  large  population  of  Marines  readying  for  deployment.  Lower  HRV  was 
observed  in  participants  with  a  full  or  partial  PTSD  diagnoses  at  the  pre-deployment  MRS 
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lime  frame  even  when  TBJ  history  was  accounted  for.  Previous  deployments  were 
associated  with  lower  II RV  while  depression  was  not,  but  depression  was  more  strongly 
related  to  PTSD  than  it  was  to  HRV.  Future  longitudinal  analyses  of  these  military  service 
members  will  include  the  consideration  of  the  HRV  factors  and  covariates  elucidated  here. 
The  ultimate  aim  of  this  research  is  to  uncover  whether  ANS  functions  con  predict  who  is 
vulnerable  and  who  is  resilient,  or  whether  ANS  functions  emerge  in  tandem  with  mental 
health  effects  of  combat  exposure. 


Supplementary  Material 

Refer  to  Web  version  on  PubMcd  Central  for  supplementary  material. 
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AIMS 

ancestry-informative  markers 

ANS 

autonomic  nervous  system 

AUDIT 

Alcohol  Use  Disorders  Identification  Test 

BDI 

Beck  Depression  Inventory 

BM1 

body  mass  index 

CAPS 

Clinician- Administered  PTSD  scale 

EJVIG 

e  1  ect  romy  ograp  hy 

HF 

high  frequency  index 

HR 

heart  rate 

HRV 

heart  rate  variability 

LF 

low  frequency  index 

MRS 

Marine  Resiliency  Study 

OEF 

Operation  Enduring  Freedom 

OIF 

Operation  Iraqi  Freedom 

OND 

Operation  New  Dawn 
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PPG 

p  h  o  top  I  ethv  smog  raph 

PTSD 

posttraumatic  stress  disorder 

SA 

sinoatrial  node 

SSRJ 

selective  serotonin  rc uptake  inhibitor 

TB1 

traumatic  brain  injury 

VLF 

very  low  frequency  index 
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Figure  L 

Mean  ligh  frequency  index  (HP)  in  Marines  with  and  without  P”SD  and  depression  or  TBL 
all  cohorts  combined. 

Note;  Error  bars  are  standard  errors  of  the  mean.  Values  in  figure  are  back -transformed 
absolute  l  IF  means*  Left  Panel  ( A):  *  p  <  .050,  PTSD  only  versus  no  PTSD/no  depression  in 
post- hoc  comparison  with  transformed  1IF  values  as  the  dependent  variable.  Sample  sizes 
are  as  follows:  no  PTSD  and  no  depression  n  =  1965,  PTSD  only  n  248,  depression  only  n 
=  124.  PTSD  and  depression  n  =  64.  “PTSD’1  refers  to  partial  or  full  PTSD  cases  as 
determined  by  the  CAPS.  “Depression"  refers  to  moderate/severe  depression  as  determined 
by  the  BDI.  Right  Panel  ( B):  *  p  <  .050,  main  effect  of  PTSD  versus  no  PTSD  in  ANOVA 
with  transformed  HF  values  as  the  dependent  variable.  Sample  sizes  are  as  follows:  no 
PTSD  and  no  TBI  history  n  =  981,  PTSD  and  no  TBI  history  =  n  =  87,  no  PTSD  and  TBI 
history,  n=  1113,  PTSD  and  TBI  history  n=  228.  ‘‘‘PTSD”  refers  :o  partial  or  full  PTSD  cases 
as  determined  by  the  CAPS.  History  of  TBI—  sdf-reported  history  of  a  head  injury 
accompanied  by  either  loss  of  consciousness  or  altered  mental  s:atus. 
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Figure  2, 

Mean  high  frequency  index  (IIF)  for  no  history  of  prior  deployments  versus  prior 
deployment  history  in  Marines  with  no  PTSD,  partial  PTSD,  and  full  PTSD,  all  cohorts 
combined. 

Note;  Errors  bars  are  standard  errors  of  the  mean.  Values  in  figure  are  back- transformed 
absolute  IIF  means.  *p<  .050  vs.  No  PTSD/No  Prior  Deployment  group  using  ANCGVA 
with  transformed  I  IF  values  as  the  dependent  variable  and  age  as  a  co variate,  Sample  sizes 
are  as  follows:  no  PTSD  and  no  prior  deployment  n  =  [03 1,  no  PTSD  and  prior  deployment 
n  =  1063,  partial  PTSD  and  no  prior  deployment  n  =  80,  partial  PTSD  and  prior  deployment 
n  -  1 1 6r  full  PTSD  and  no  prior  deployment  ti  -  51*  full  PTSD  and  prior  deployment  n  =  68. 
See  results  for  details. 
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Demographic  and  descriptive  information  for  participants  in  each  cohort. 
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Descriptive  information  for  heart  rate  variability  variables  in  the  entire  sample  (N=2430) 
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Table  4 

Relationship  of  heart  rate  variability  variables  to  demographic  and  other  factors. 
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Table  5 

Parameter  estimates  for  the  high  frequency  index  (HF)  in  the  multinomial  logistic  regression  predicting  no  PTSD  diagnosis  (n=21 1 5)  versus  partial  PTSD 
diagnosis  (n=  195)  versus  full  PTSD  diagnosis  (n=120). 
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The  catecholamine  biosynthetic  enzyme  dopamine 
p-hydroxylase  (DBH):  first  genome-wide  search 
positions  trait-determining  variants  acting 
additively  in  the  proximal  promoter 

Maja  Mustapic1*2’4,  Adam  X.  Maihofer1,  Manjuta  Mahata2  Yuqing  Chen2,  Dewleen  G.  Baker1 3, 
Daniel  T.  O’Connor2  and  Caroline  M.  Nievergelt13-* 

'Department  of  Psychiatry  and  department  of  Medicine,  University  of  California  at  San  Diego,  La  Jolla,  CA  92093,  USA, 
3VASan  Diego  Healthcare  System,  VA  Center  of  Excellence  for  Stress  and  Mental  Health  (CESAMH),  La  Jolla,  CA92161 , 
USA  and  4Ruder  Boskovic  Institute,  Zagreb  HR-1 0000,  Croatia 

Received  December  3,  201 3;  Revised  June  1 2. 201 4;  Accepted  June  24,  2014 


Dopamine  beta-hydroxylase  (DBH)  is  the  biosynthetic  enzyme  catalyzing  formation  of  norepinephrine.  Changes 
in  DBH  expression  or  activity  have  been  implicated  in  the  pathogenesis  of  cardiovascular  and  neuropsychiatric 
disorders.  Genetic  determination  of  DBH  enzymatic  activity  and  its  secretion  are  only  incompletely  understood. 
We  began  with  a  genome-wide  association  search  for  loci  contributing  to  DBH  activity  in  human  plasma.  Initial  ly. 
in  a  population  sample  of  European  ancestry,  we  identified  the  proximal  DBH  promoter  as  a  region  harboring 
three  common  trait-determining  variants  (top  hit  rs1611115,  P  =  7.2  x  10“51}.  We  confirmed  their  effects  on 
transcription  and  showed  that  the  three  variants  each  acted  additively  on  gene  expression.  Results  were  repli¬ 
cated  in  a  population  sample  of  Native  American  descent  (top  hit  rsl  61 1 1  IS,  P=  4.1  x  ID-15),  Jointly,  DBH 
variants  accounted  for  57%  of  DBH  trait  variation.  We  further  identified  a  genome-wide  significant  SNP  at  the 
LOC338797  locus  on  chromosome  12  as  frans-q uantitative  trait  locus  (QTL)  (rs4255618i  P-  4.62  x  10“8), 
Conditional  analyses  on  DBH  identified  a  third  genomic  region  contributing  to  DBH  variation:  a  likely  c/s-QTL 
adjacent  to  DBH  in  SARDH  (rs7Q40170,  P  —  1.31  x  10^14)  on  chromosome  9q.  We  conclude  that  three 
common  SNPs  in  the  DBH  promoter  act  additively  to  control  phenotypic  variation  in  DBH  levels,  and  that  two  add¬ 
itional  novel  loci  (SARDH and  LOC338797 )  may  also  contribute  to  the  expression  of  this  catecholamine  biosyn¬ 
thetic  trait.  Identification  of  DBH  variants  with  strong  effects  makes  it  possible  to  take  advantage  of  Mendelian 
randomization  approaches  to  test  causal  effects  of  this  intermediate  trait  on  disease. 


INTRODUCTION 

Dopamine  (3-hydroxylase  (DBH)  is  the  final  enzyme  in  nore¬ 
pinephrine  biosynthesis,  catalyzing  the  oxidative  hydroxy  la  lion 
of  dopamine  to  norepinephrine  in  the  noradrenergic  nerve  endings 
of  the  central  and  peripheral  nervous  systems  ( I ).  In  the  blood¬ 
stream.  DBH  enzymatic  activity  is  abundant,  emerging  from 
both  the  sympathetic  terminals  and  the  adrenal  medullary  chro¬ 
maffin  cells  (1).  As  a  result  of  exocylosis,  DBH  is  eo-released 
with  norepinephrine  from  synaptic  vesicles  into  extracellular 
space  and  thus  can  be  found  in  plasma  and  cerebrospinal  fluid 


(CSF)  (2.3).  The  enzymatic  activity  of  plasma  or  CSF  DBI 1  corre¬ 
sponds  to  the  level  of  DBH  protein,  with  plasma  and  CSF  DBI 1 
correlating  highly  in  humans  (4,5).  As  such,  DBH  is  of  high  inter¬ 
est  to  both  the  neuropsychiatric  and  cardiovascular  field.  Changes 
in  DBI  I  activity  and/or  generic  variants  in  the  DBI 1  gene  have 
been  implicated  in  the  pathophysiology  of  major  depression  (6), 
ADHD  (7.8).  Parkinson  (9)  and  Alzheimer's  disease  (10,11) 
and  PTSD  (12,13),  potentially  through  changes  in  central  cat¬ 
echolamine  levels,  whereas  altered  sympathoadrenal  activity  is 
thought  to  be  implicated  in  the  pathogenesis  of  hypertension 
and  cardiovascular  disease  ( 14,1 5). 


*To  whom  correspondence  should  be  addressed  at:  Department  of  Psychiatry,  University  of  California,  San  Diego,  9500  Gilman  Drive,  La  Jolla, 
CA  92093-0737.  Tel:  +1  8582461895;  Fmaii:  enjeveigeMJucsd.edu 


(:  The  Author  2014 .  Published  by  Oxford  University  Press.  All  rights  reserved. 
For  Permissions,  please  email:  Joumals.pernussions@oup.com 
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In  family  and  twin  studies  plasma  DBM  (pDBH)  activity  is 
highly  heritable,  relatively  stable  over  time  in  the  same  person, 
and  only  minimally  susceptible  to  environmental  factors  such  as 
physical  stress  or  drugs  ( 1  ft).  Furthermore  DBH  activity  shows 
highly  variable  inter- individual  differences  which  arc  likely 
the  result  of  genetic  factors  (5J7),  with  heritability  estimates 
accounting  for  ^ $0-90%  of  the  variation. 

Linkage  analysts  with  non-DNA  markers  has  identified  a 
single  quantitative  trait  locus  (QTL)  for  DBII  activity  m  a 
region  on  chromosome  9  (9q34)  (18,19)  and  the  DBH  gene 
was  laler  mapped  to  that  region  (20,21).  Sequencing  analyses 
by  Zabetian  vt  ai  (22,23)  further  characterized  the  molecular 
structure  of  DBH  and  i  den  tided  a  SNP  in  the  promoter  region 
(rsl61 1 1 1 5 /C-970T/ formerly  C- 102 IT),  which  explained  a 
large  ^35  52%  inter-individual  variation  in  pDBIl  activity, 
while  functional  polymorphisms  (A197T  tn  exon  3,  A304S  in 
exon  5  and  R535C  in  exon  I  t  )  in  the  gene  did  only  show  a 
modest  putative  effect  for  R535C  in  these  studies  (see  review 
in  16).  Extended  sequencing  in  the  promoter  region  identified 
six  common  SNPs  in  the  proximal  promoter  and  showed  func¬ 
tional  properties  in  in  vitro  and  in  vivo  experiments  for 
rs!61!115  and  rsl989787  (C-2073T).  A  newer  linkage  study 
in  families  confirmed  DBH  as  a  major  contributor  of  pDBIl 
activity,  but  also  suggested  two  additional  loci,  one  in  close  prox¬ 
imity  to  DBH  and  the  second  on  chromosome  20p!2  (24). 

Analysis  oTDBI  l  levels  in  clinical  populations  reported  racial 
differences  in  pDBH  activities,  with  Blacks  having  lower  levels 
than  Whiles  (25).  Genetic  studies  on  the  D7f//tocus,  initially  per¬ 
formed  in  populations  of  European  ancestry,  have  then  been 
extended  to  include  subjects  of  African  and  Asian  descent  and 
confirmed  rsl  61 1 1 15  as  the  polymorphism  with  the  strongest 
effect  (22,26). 

1  lere,  we  performed  the  first  genome- wide  association  study 
(GW AS),  with  goals  to;  ( 1 )  replicate  and  extend  previous  findings 
on  D  B ll  1  oc  us  v  ari  a  t  i  o  n  an  d  i  is  e  fleet  on  p  D  B 1 1  a  ct  ivi  ty ,  ( 2 )  cx  t  e  n  d 
the  search  io  identify  additional,  trans* QTLs  for  pDBf  I  activity 
levels  and  (3)  expand  ancestry  studies  to  include  subjects  of 
Native  American  descent  and  Hispanic  ethnicity-  In  addition,  wc 


further  examined  functional  properties  of  genetic  markers  in  the 
DBH  promoter  region  displaying  peak-association  with  plasma 
DB1 !  activity,  in  transfected  chromaffin  cells  as  well  as  in  vivo. 
We  show  that  DBH  variants  with  strong  effects  may  be  used  in  a 
Mendelian  randomization  (MR)  approach  to  test  causal  effects 
of  this  intermediate  trait  on  disease,  such  as  cardiovascular  and 
neuropsychiatric  symptoms  and  disorders. 

RESULTS 

Genome-w  ide  association  study  in  subjects  of  Europea  n 
ancestry 

An  initial  GWAS  for  plasma  DBI I  activity  was  performed  with 
genotypes  of  341  subjects  of  European  ancestry  (European 
Americans.  EAs)t  The  mean  pDBH  level  in  the  341  EAs  was 
1 1 .44  HJ/L  [standard  deviation  (SO)  —  6,95]  (Supplementary 
Material,  Fig.  SI).  Genotypes  underwent  rigorous  quality 
control  and  included  a  linal  set  of  7  871  575  markers  obtained 
by  genoiyping  and  imputation.  Linear  regression  under  an  addi¬ 
tive  genetic  model,  incorporating  appropriate  covariates, 
resulted  in  a  low  genomic  control  infiat  ion  factor  of  AGf<  = 
1 .002.  A  quantile-quantile  (QQ)  plot  is  shown  in  Supplemen¬ 
tary  Material,  Figure  S2A+  A  table  with  all  GWAS  results  is 
available  in  the  Supplementary  Material,  Table  ST 

Our  analyses  identified  the  DBH  locus  as  genome- wide  sig¬ 
nificant  with  the  ton  hit  for  a  directly  genotyped  SNP  rslhU  1 15 
at  P=  7,2  x  10*  *  (Fig.  I A  and  Table  1).  A  regional  association 
pint  of  the  DBII  Incus  showed  34  genome- wide  significant  DBH 
SNPs  within  the  same  linkage  disequilibrium  (LD)  block 
\  Fig.  I B ).  Of  these,  one  SNP  was  found  in  an  exon  (synonymous 
SNP  exm793933,  P  =  1.023  x  10"27).  22  were  intronic  and  1 1 
were  located  upstream  of  DBIL  including  3  common  SNPs 
within  a  3  kb  region  of  the  promoter  (rsl  076 150,  rsl  98  97 8 7  and 
rsl6!  1 1 15,  shown  in  detail  in  Table  L  lop  part).  Two  of  these  pro¬ 
moter  SNPs  (rsl 989787  and  rsl 61  1115)  were  knowm  to  be  func¬ 
tional  (see  14  and  15)  and  the  functionality  of  rsl 076 1 50  was 
investigated  belowr.  The  proportion  of  variability  explained  ( /?“) 


1  2  3  4  9  6  7  8  9  ID  12  14  16  Id  21  X  XY 

Chromosomal  positions 


136  49  136  5  136  51  136  52  136  53  136  54 

Position  on  chr9  (Mb) 


Figure  I ,  Results  of  the  GW  AS  of  plasma  DliH  activity  in  34 1  subjects  of  Lurupcan  origin,  { A  \  Manhattan  plot  showing  the  -  log,  |  ^  lA  values}  for  SNP  associations 
With  plasma  DOH  activity  across  the  genome.  The  red  horizontal  line  represents  the  genuine-wide  significance  threshold  at  P  <  5  i<  1 0“*  and  the  dashed  line  repre¬ 
sents  suggestive  evidence  for  association  at  I*  <  5  *  1 0_fc  ( B)  Regional  association  plot,  showing  significant  regions  in  DBII  on  chromosome  9  Directly  genotyped 
SNPs  are  indicated  by  an  asierisk  (*).  The  SNPs  are  color  coded  based  on  the  linkage  disequilibrium  with  the  most  significant  SNP  tsTGI  11)5. 


r 

! 


T able  I ,  Most  significant  hits  in  the  genome-wide  association  study 


Human  Molecular  Genetics,  2014 


3 


*r 

T 

PI 

r- 

r- 

X 

r- 

r' 

X 

© 

4 

£ 

M3 

X 

o 

o 

o 

T 

'I 

47 

O' 

o 

o 

a 

i 

= 

s 

1 

i 

o= 

j 

a 

■ 

3 

1 

a 

o 

J 

T 

1 

kJ 

kJ 

kJ 

__ 

kJ 

ui 

a 

kJ 

1 

kJ 

O' 

O' 

c 

%o 

o 

_ 

= 

X 

a 

1 

Ul 

kJ 

UJ 

X 

kJ 

i 

kJ 

1 

kJ 

O' 

41 

UJ 

1 

UJ 

4H 

w 

J 

kJ 

'X 

o 

"T 

in 

pp-i 

r- 

41 

r'l 

Ch 

P-1 

rn 

o 

CM 

05 

» 

Qv 

o 

r- 

4 

i-j 

X 

47 

X 

Tt 

O' 

■Xi 

47 

Vi 

*o 

<^i 

VO 

r'-i 

VO 

vO 

O' 

f4, 

f4| 

f'l 

PPI 

4 

X 

oe 

4. 

-r 

O' 

4J 

4 

VO 

q 

v3 

47 

■PT 

4 

VO 

4j 

“ 

“ 

-T 

d 

d 

v! 

d 

d 

d 

d 

d 

d 

vr 

d 

° 

° 

d 

4 

d 

" 

d 

” 

pH 

d 

d 

d 

d 

1 

” 

<4 

O 

no 

K 

=c 

wi 

*e 

ry 

>n 

JC 

T 

i*-. 

>e 

» 

r- 

in 

VJ 

♦pi 

rH 

4i 

>© 

-s- 

<■■7 

47 

*n 

X 

4H 

ph 

cv 

-r 

C' 

pn 

Tf 

Wj 

4i 

14: 

o 

VO 

4 

O 

o 

O 

X 

-T 

4( 

4 

X 

PJ 

4 

O' 

T 

5 

u 

a 

ov 

CO 

d 

ri 

rpj 

-r 

-r 

d 

C  rn 

d  d 

« 

q 

d 

-r 

-T 

d 

-T 

d 

fpi 

d 

41  £5 

d  d 

o 

n 

o 

d 

in 

c 

vt 

d 

-T 

O 

4+ 

41 

4T 

O 

= 

Ifj 

PH 

PH 

PH 

d 

TT 

d 

■f 

d 

;■ 

uj 

T 

1 

1 

1 

1 

‘ 

1 

t 

1 

1 

' 

r 

1 

rt 

O' 

47, 

r -t 

X 

= 

a 

e 

= 

o: 

PH 

05 

o 

4t 

-tf- 

a 

41 

a 

41 

T 

4vT 

Xh 

Vt 

a 

X 

O 

Cm 

r^. 

47 

O 

X 

o 

o 

<4\ 

a 

Or 

5 

or 

o 

o 

41 

or 

a 

= 

O' 

q 

Ov 

Ov 

in 

a 

4l 

m 

o 

ov 

O' 

o 

d 

d 

d 

d 

d 

© 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 

T 

ifi 

sD 

* 

*T 

n 

t- 

r- 

« 

-t 

p- 

-t 

t)- 

4 

o 

O 

Y 

O 

1 

A 

O 

i 

a 

i 

o 

t 

o 

o 

s 

i 

c 

o 

O 

| 

UJ 

1 

UJ 

kJ 

1 

kJ 

-r 

_ 

1 

kt 

1 

UJ 

r- 

i 

kJ 

i 

kJ 

i 

W 

kl 

U4 

pi 

_ 

■47 

o 

Ov 

_ 

O' 

i 

W 

1 

UJ 

1 

UJ 

41 

n 

1 

14 

41 

rH 

r 

4-1 

a 

-r 

- 

3 

X 

— 

m 

r- 

= 

O' 

x 

pi 

fp. 

'n 

O'. 

r' 

pp* 

vr 

pp) 

41 

s 

41 

X 

o 

as 

X 

o 

y: 

o 

q 

o 

pn 

■o 

v; 

4 

pp*  o 

O 

X 

O 

i4. 

n 

4- 

O' 

41 

X 

o 

o 

w 

5 

't 

pn 

o 

d 

d 

d 

d 

d 

o 

d 

"■ 

t 

o 

o 

d 

d 

d 

d 

d 

4| 

41 

41 

d 

o 

v\ 

d 

d 

= 

= 

d 

47 

p> 

o 

O' 

o 

O' 

X 

*T 

-t 

T 

■o 

44 

O 

a 

vO 

ro 

vn 

vO 

47 

41 

O 

'O 

X 

a 

r- 

r- 

47 

W7 

47 

vo 

o- 

ri 

■x 

I-' 

o 

'41, 

■a- 

■o 

o 

VC 

o 

X 

141 

P4 

Ov 

47 

47 

47 

m 

41 

r*i 

41 

1P7 

VP> 

LLj 

— * 

*-« 

-*■ 

— 

r-J 

PS 

in 

T^li 

■41 

— ■ 

T— 

vO 

41 

41 

— 

41 

rn 

-— 

47 

47 

— 

47 

m 

q 

o 

47 

o 

d 

b 

d 

d 

d 

° 

d 

o 

d 

C 

d 

d 

d 

d 

o 

d 

O 

d 

d 

o 

d 

d 

d 

d 

o 

= 

° 

SO 

d 

= 

d 

§ 

tn 

O’ 

r- 

■pv 

vO 

» 

rSi 

O' 

'T 

O' 

PPh 

„ 

vO 

ppi 

vC 

C> 

*T 

3 

4-h 

41 

o 

Pl 

o- 

PH 

3 

X 

4 

r- 

O' 

CP 

vO 

ft 

-r 

O' 

O' 

o 

p4  H 

5 

f- 

o 

X 

O’ 

T 

T 

*T 

w 

X 

PPh 

X 

TT 

14* 

vO 

o 

O 

PH 

O' 

VO 

■o 

4, 

X 

VPt 

< 

£ 

1 

UJ 

r~ 

— * 

r- 

■Xi 

o 

(N 

p 

SO 

X 

X 

X 

Ov 

IO 

'O 

pn 

o 

-r 

4v| 

r- 

41 

4| 

VP> 

47 

VPp 

VP[ 

-T 

q 

-t 

d 

1 

d 

T 

d 

1 

d 

1 

d 

t 

o 

d 

d 

d 

d 

d 

d 

d 

d 

1 

d 

1 

d 

1 

d 

t 

d 

d 

d 

T 

T 

d 

d 

! 

d 

o 

w 

a 

c 

R 

d* 

it 

d 

■yi 

7* 

— 

JJ 

o 

r— 

ri 

-f 

Wl 

'Ti 

in 

O' 

O' 

X 

n 

x. 

vC 

41 

p  i 

pi 

p  i 

o 

OV 

O' 

W7 

PH 

o 

n 

O 

•fj 

_ 

l> 

VJ 

O' 

■ii’ 

V*J 

<N 

O' 

'C 

X 

-C- 

4-j 

41 

4 

■4 

r~ 

4' 

41 

4 

=4j 

n 

G-l 

o 

r~- 

< 

— 

r- 

43 

’T 

m 

rl 

— 

Vfj 

— 

o 

rj 

n 

44 

n 

-r 

o 

— ■ 

fv[ 

V4 

o 

O 

tn 

o 

— > 

o 

O 

O 

< 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

■jp 

r- 

sp 

3 

[ 

vfi 

4 

4 

4 

VO 

vO 

QC 

in 

VD 

W7 

p* 

vD 

4* 

4* 

41 

t 

r* 1 

1 

W 

1 

es 

h 

05 

1 

o 

o 

I 

r 

o 

h 

o 

l 

o 

4 

o 

1 

O 

1 

03 

4 

O 

1 

o 

t 

o 

1 

C3 

t 

o 

i 

O 

t 

1 

1 

u 

1 

UJ 

1 

u 

_ _ 

f 

d 

1 

W 

O  1— i 

1 

LJ 

i 

kl 

vc 

X 

X 

f 

LU 

UJ  kJ 

1 

w 

X 

kJ 

1 

UJ 

( 

UJ 

1 

UJ 

V4| 

-T 

VD 

i 

UJ 

1 

kJ 

41 

1 

UJ 

r 

UJ 

UJ 

i 

w 

t 

UJ 

■f 

47 

<©■ 

o 

'4, 

X 

r- 

O’ 

T 

fn 

X 

3 

■T 

44 

ppj 

41 

xn 

o 

O'. 

'O 

-.7 

P 

VO 

4“ 

ip* 

2! 

t' 

X 

X 

41 

n 

PH 

X 

— ■ 

O'. 

r- 

PH 

Ov 

O' 

X 

o. 

4 

o. 

£S 

'r i 

O 

(S 

O 

O 

pH 

4. 

O'. 

r- 

X 

4, 

X 

Q. 

ri 

ri 

d 

« 

i-s 

d 

— 

d 

d 

d 

d 

d 

PH 

-f 

d 

1/1 

— 

VC 

» 

d 

d 

d 

PH 

d 

d 

d 

— 

pi 

4 

pm 

□v 

o 

14* 

_ 

n 

_ 

O' 

pi 

* 

Q 

o 

£, 

X 

r- 

pp. 

14 

4 

Ov 

47 

4 

a 

X 

X 

X 

X 

X 

VPl 

41 

r- 

r- 

ov 

o 

s 

r^i 

s 

'tr 

-T 

■/: 

7 

X 

OH 

O'  £■ 

o 

O' 

X 

44 

7- 

vr. 

X 

— — 

ir. 

4- 

r- 

o\ 

vC 

ifi 

LU 

p 

O 

o 

o 

(N 

C 

o 

O 

— i 

O 

— i 

— - 

O 

O 

— 

o 

o 

T 

4f 

O 

— 

— 1 

41 

41 

— 1 

q 

o 

tfl 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

e 

d 

8 

r- 

V, 

*T 

O' 

rs 

O' 

O' 

_, 

n- 

rl 

OV 

n 

PT 

r- 

o 

Ov 

44 

pT 

41 

o 

4| 

X 

o 

o 

‘Pi 

^r 

03 

O'. 

-* 

n 

x 

o 

O' 

T 

o 

jfl 

o 

rp* 

fp^ 

41 

m 

“f 

3 

X 

-r 

o*. 

vn 

X 

VO 

‘Pi 

-: 

Dr 

- 

4-, 

■.j 

ov 

cr- 

(N 

q 

¥ 

^r 

O 

i^r 

tl-J 

i. 

05 

o 

a 

o 

ppi 

O 

in 

14 

'4 

14 

VTj 

o 

4J 

n 

P7 

tpl 

o 

— 

-— 

O' 

\n 

*T 

(§  j 

CO 

d 

1 

d 

T 

d 

1 

d 

! 

d 

1 

d  O 

1 

o 

d 

1 

d 

o 

d 

d 

d 

d 

1 

d 

d 

d 

d 

f 

d 

d 

d 

T 

1 

d 

d 

1 

d 

1 

” ' 

d 

1 

d 

d 

d 

a* 

< 

•— 

CD 

_a* 

nr 

X 

_ _ 

r- 

_* 

m  x 

rv4 

o 

n 

o 

'Pi 

4i 

X 

<5 

vO 

O' 

4J 

-r 

07 

o 

Ov 

E 

O' 

in 

■V 

vO 

LPI 

_ 

jj 

'5f 

*T 

<Tl 

X 

CO 

o 

n 

CO 

■hJ' 

- 

3 

O' 

o 

O 

41 

O' 

4l 

s 

47 

X 

41 

PH 

3 

OV 

PI 

< 

47 

n 

f  J 

o 

-r 

4-, 

r*. 

pp» 

n- 

'+ 

o 

41 

O 

O 

o 

iil 

< 

d 

d 

d 

d 

d 

d 

d 

d 

o 

d 

d 

d 

d 

d 

o 

O  O 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 

d 

y 

U 

H 

T/C 

T/C 

V/l 

a 

D 

b 

u 

G/A 

C/T 

v/o 

S 

/VG 

G/V 

A/G 

A/C 

T/C 

D  < 

5 

C/G 

£ 

A/G 

A/C 

C/T 

< 

0 

U 

P 

C/A 

G/A 

C 

G 

a 

D 

S 

C/T 

A/C 

< 

6 

E 

E 

& 

a 

O' 

E 

E 

- 

H 

a 

2 

s 

E 

e 

E 

E 

E 

g 

| 

E 

fi 

E 

H 

£ 

| 

E 

o 

rtf 

& 

a 

g 

3 

c 

■t- 

~ 

c 

E 

E; 

c 

y. 

P 

c 

o 

c 

C 

A 

§ 

H 

H 

o 

4 

=: 

:Jr- 

o 

o 

tr 

= 

«- 

i= 

- 

j 

£= 

E 

E 

E 

3 

wt 

._- 

--. 

£ 

E 

□ 

■y 

| 

e 

§ 

| 

S 

1 

— 

■i. 

:/• 

i 

| 

c 

c 

e 

1 

g 

■f: 

s 

s 

g 

a 

— I 

P.  & 

PD 

CL 

Zi 

H 

a 

£ 

C-_ 

G 

E 

a 

E 

LU 

_c 

E 

a 

o 

a& 

£7. 

CL 

Zi 

a 

=7 

E 

£ 

E 

E 

E 

E 

EU  — 

3  £ 

E 

£ 

GJ 

X 

” 

'ji 

r^i 

lS\ 

< 

P 

_i 

< 

LLl 

1 

o 

< 

> 

§ 

iC 

ppi 

f -4 

q 

■c 

Q 

S 

44 

UU 

d 

u 

3 

= 

£ 

'—i 

’S’ 

44 

41 

*4l 

o 

r- 

H 

p 

4 1 

c 

it 

< 

47 

X 

a 

’Tt 

■O' 

44 

P4 

fpi 

£U 

vf 

-1 

t/: 

>■ 

p- 

o 

4 

X 

41 

pP| 

u 

X 

< 

c 

47 

c_ 

< 

PH  CL. 

3  < 

{j  if; 

—  c_ 

u 

4v 

ca 

s— 

X 

Q 

CsL 

e: 

§ 

3 

CQ 

ra 

c£ 

OL 

O 

CD 

U 

H 

t/^ 

S 

o* 

D 

o; 

Ul 

>■ 

< 

G 

< 

c_ 

O 

ci 

< 

< 

a 

a 

rv 

G 

u_ 

U 

7L 

k* 

□a 

C 

< 

> 

o_ 

Ul 

£ 

o 

co 

Pi 

Q 

EC 

Q 

w 

< 

N 

on 

un 

-_ 

rJ 

Vi 

O' 

vz 

pp> 

vO 

o 

r-4 

rPl 

r"L 

■4, 

a 

44 

_ 

44 

ir» 

* _ 

o 

■pT 

44 

_ 

r- 

4 1 

47 

X 

s 

-5T 

o 

r- 

v© 

O' 

<■ 

X 

vn 

X 

<3 

3C 

4 

44 

vn 

77 

X 

- 

X 

O- 

-r 

p' 

4- 

O' 

o- 

O 

’T 

X 

vo 

r— 

T 

LTi 

r< 

X 

o 

o: 

145 

O 

pp. 

irii 

4 

o. 

X 

4-. 

3 

■c 

P4 

pp; 

4 

iP7 

r- 

t  1 

4* 

z. 

41 

47 

47 

X 

s 

a 

■■O 

-f 

O' 

O' 

■o 

■- 1 

l4i 

ppi 

O' 

o 

4- 

O' 

4i 

14 

X 

O 

M 

r- 

O' 

S 

V4j. 

r~ 

in 

vC 

? 

z- 

■O' 

n 

o 

s 

rj 

oc 

O' 

03 

3T 

4 

r- 

P 

44 

X 

44 

Mi 

X 

ppi 

r- 

g 

41 

3 

O 

o 

X 

X 

rz. 

t 

O 

n 

o 

m 

&■ 

OH 

05 

r~- 

3 

X 

O' 

14 

Mi 

V4 

n 

■O' 

X 

C 

4 

47 

O'- 

lO 

ip* 

S 

urt 

-t 

3 

4^1 

C( 

’J'i 

rP* 

rp] 

1 

~r 

-r 

*-P  L 

14 

pPj 

■Mi 

c 

47 

4, 

-r 

14| 

d 

vC 

n 

— 

!U 

r*! 

rn, 

£ 

rp, 

n 

1C 

vet 

rP| 

1 

PPI 

3 

47 

ppi 

47 

41 

41 

X 

4, 

r- 

47 

41 

ftf 

y 

c> 

O' 

r-il 

<n 

r4 

rM 

4N 

4-1 

m 

ppi 

n-t 

ppi 

PP> 

4- 

r- 

r- 

X 

O' 

O' 

O' 

q 

3 

o 

4j 

El 

(Pi 

G 

X 

Jfl 

Ov 

o 

U 

4| 

PH 

41 

b 

«s 

X 

O' 

44 

X 

vC 

TT 

Ov 

Ov 

VPl 

^3-  ''^l 

r- 

o 

t> 

O' 

ots 

O' 

41 

So 

fN 

O' 

rl 

pp. 

TPj 

4- 

<rf 

14 

X 

4 

X 

Ov 

X  ■o 

o 

iz  ^ 

VPV 

iC 

w*. 

r- 

X 

r- 

O' 

pj 

3 

m 

c 

4f 

m 

vC 

-t 

47 

<? 

47 

■4. 

4* 

■£ 

PH 

-* 

c  r'- 

1^- 

-r 

r- 

rs 

«4l 

r- 

o 

o 

o 

4* 

ir. 

r- 

-T 

14 

4 

41 

M3 

v4l 

V-, 

4- 

,S  in 

5 

jj 

<1 

i- 

O' 

O’ 

-T 

J^-L 

VO 

m 

r*i 

o 

3 

V4 

X 

O' 

ip, 

X 

<4. 

47  O' 

r- 

X 

.t:  x 

r- 

ae 

’-f 

tTi 

44 

- 

r- 

c 

44 

O 

44 

i- 

44 

n 

47 

'n 

4- 

41 

■4 

■p. 

4- 

VPl 

PH 

-o  pv- 

r~ 

c* 

a. 

= 

~t 

(+i 

r^i 

r- 

'O 

4^1 

44 

4- 

fPl 

44 

47 

TPJ 

41 

X 

o 

4- 

41  O 

rn 

PI 

E  fP 

E 

r- 

Vi. 

JT'- 

r  j 

44; 

X 

’/■, 

4- 

X 

X 

-4  vX 

4 

O  L- 

\  <  V* 

£ 

£ 

«n 

£ 

£ 

£ 

E 

E 

14, 

E 

e 

E 

E 

E 

E 

E 

E 

E 

E 

E 

E 

E 

E 

2 

E  E 

E 

E 

E 

U 
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by  the  DBH  gene,  based  on  five  highly  significant  DBH  SNPs  in 
low  LD  with  each  other  plus  the  three  (putative)  functional  pro¬ 
moter  SNPs,  was  0569. 

No  other  chromosomal  region  reached  genome-wide  signifi¬ 
cance.  I  low  ever,  there  were  1 0  regions  which  showed  suggestive 
evidence  (P  <5  x  10-6)  in  EAs.  For  each  of  these,  the  SNP 
with  the  lowest  G- value  is  presented  in  Table  1  (middle  part) 
and  Supplementary  Material,  Figure  S3  A. 


Replication  of  the  G  WAS  in  subjects  of  Native  American 
ancestry 

To  repl  icate  our  findings  we  performed  a  second  GW  AS  on  sub¬ 
jects  of  Native  American  descent  (NAs),  including  subjects  with 
varying  degrees  of  NA  admixtures  as  typically  seen  in  Hispanic 
subjects  (w  =  91).  The  mean  pDBl  1  level  in  93  NAs  was  10.2 10/1 
(SD  =  6,94)  and  was  not  significantly  different  from  pDBJI 
levels  in  EAs  (P  >  0,29).  The  genomic  control  inflation  A^c 
was  1.009  (a  QQ-plot  is  shown  in  Supplementary  Material, 
Fig.  S2B).  A  table  with  all  GWAS  results  is  available  in  the  Sup¬ 
plementary  Material,  Table  S2_  Replicating  our  results  in  BAs, 
we  confirmed  the  DBH  locus  1o  be  highly  significant,  with  the 
same  top  hit  rsl  61  1 115  at  P  =  4.10  x  10” 15  (Table  l  and  Sup¬ 
plementary  Material  Fig.  S4A).  A  regional  association  plot  of 
the  DBH  locus  showed  an  additional  five  intronic  genome- wide 
significant  SNPs  within  the  same  LD-block  (Supplementary 
Material,  Fig.  S4B).  The  proportion  of  variability  explained 
(/f2)  by  the  DBII  locus,  based  on  four  independent  (LD  <  0.5), 
highly  significant  DBH  SNPs  (including  the  three  promoter 
SNPs),  was  057. 

We  did  not  identify  other  genome-wide  significant  regions  in 
this  small  NA  population.  Eight  other  loci  showed  suggestive 
evidence  tor  association  with  pDBll  activity  (P<5  x  10~6). 
For  each  of  these  regions  the  SNP  with  the  lowest  P-value  is  pre¬ 
sented  in  Table  I  (middle  part)  and  Supplementary  Material 
Figure  S3B. 


RNA-coding  region  (—20  kb)  of  this  uncharaeterized  locus 
showed  no  homology  to  DBH.  In  addition,  seven  new  loci 
reached  suggestive  evidence  for  association  in  the  met  a -ana  lysis 
(top  hits  for  these  loci  are  shown  in  Table  1 ).  The  proportion  of 
variability  explained  (R2)  by  the  DBH  locus,  based  on  seven 
highly  significant  DBH  SNPs  in  low  LD  with  each  other  (includ¬ 
ing  the  three  promoter  SNPs),  was  057.  Adding  rs4255618 
in  LOC 338797  to  the  DBH  model  significantly  increased  R2  to 
0.59  {LR  test  P  —  6.09  x  10_:>)  in  a  joint  analysis  of  EA  and 
NA  subjects. 


Conditional  analysis  on  I  he  DBH  locus 

Because  of  the  strong  effect  of  the  DBH  locus  on  pDBl  t  activity, 
we  repeated  the  GWAS  conditioned  on  the  three  DBHpevk  func¬ 
tional  promoter  SNPs  rsl  0761 50,  rsl  989787,  and  rsl  61  1115 
in  EAs,  NAs  and  the  meta-analysis  to  test  for  additional, 
DBH- independent  loci  {Supplementary  Material,  Fig.  S6).  The 
SARDH  locus,  adjacent  to  DBH  and  previously  showing  suggest¬ 
ive  evidence  for  association,  became  genome- wide  sign  i  ficant  i n 
EAs  with  an  imputed  top  hit  for  rs7857468  (P  =  2.38  x  JO-13). 
Rs7857468  replicated  in  NAs  with  a  nominally  significant 
P  —  0.002,  resulting  in  a  meta-analysis  P-value  =  1.15  x  10“ 16 
(Table  1,  bottom  part).  Results  for  the  most  significant  directly 
genotyped  SNP  in  SARDH (rs7040170.  P=  ].3t  x  !(T14)  are 
also  shown.  Regional  association  plots  of  the  conditioned 
GWAS  results  in  EAs  and  NAs  for  the  DBH  and  neighboring 
SARDH  loci  are  shown  in  Supplementary  Material,  Figure  S6B 
and  D.  Adding  the  SARDH  SN  P  to  the  LOC 3 38797  and  DBH 
model  significantly  increased  R2  to  0.648  (LR  test  P  —  8.13  x 
1 0“Ifi)  in  a  joint  analysis  of  EA  and  NA  subjects.  The  conditional 
analysis  did  not  result  in  stronger  results  for  the  loci  showing 
suggestive  evidence  in  ihe  primary  analyses  (Supplementary 
Material,  Fig.  S6A  and  C). 


Meta-analysis  of  EA  and  NA  GWAS 

An  inverse  variance  weighted  meta-analysis  of  the  LA  and  NA 
GWAS  results  indicated  no  significant  heterogeneity  (0)  at 
the  DBH  locus  and  resulted  in  highly  significant  associations 
for  the  promoter  region  of  this  locus  with  the  top  hit  rsl  61 1 1  15 
at  P  =  4.60  x  ICT^2,  as  well  as  rs  1076 150  (T-2734C)  and 
rs 1989787,  atP—  1.38  x  HT44  and  P  =  1,50  x  1 (T34.  respect- 
ively  (  fable  I ,  right  side  and  Supplementary  Material  Fig.  S5A). 
A  complementary  pooled  analysis  (mega-analysis)  of  the  EA  and 
NA  subjects  for  the  three  promoter  SNPs  showed  comparable 
results  (Supplementary'  Material,  Fig.  S5B).  A  C  to  T  transition 
progressively  diminished  pDBH  activity  for  rsl 076 1 50  and 
rs!6l  I  115,  while  increasing  pDBll  activity  for  rsl989787.  In 
each  case,  SNP  allele  effects  on  trait  seemed  to  be  additive,  with 
intermediate  effects  for  SNP  heterozygotes,  confirmed  by  ihc 
fact  that  recessive  and  dominant  genetic  models  were  less  sig¬ 
nificant  than  the  additive  model  for  these  three  SNPs  (data  not 
shown). 

In  addition  to  the  DBII  locus,  ihc  meta-ana  lysis  showed  a 
genome-wide  significant  association  for  intronic  SNP  rs42556 1 8 
in  LOC33S797  on  chromosome  12  {P  =  4.62x  10 
A  BLAST  search  (on  BLASTN_2.2.28+  at  NCBF)  of  the 


Functional  analysis  of  variant  C-2734T  and  four  naturally 
occurring  haplotypcs  in  the  DBH  promoter 

Functional  analyses  of  the  promoter  variants  rsl  61 1 1 15  and 
rsl 989787  have  previously  been  published  by  our  group 
(14,15).  Here  we  extend  these  analyses  to  the  third  promoter 
variant  rsl 076 150,  identified  in  the  GWAS  with  a  highly  sig¬ 
nificant  effect.  Using  the  same  six  common  promoter  SNPs 
(minor  allele  frequency  MAF  >  0.05)  as  in  previous  work,  we 
constructed  luci ferase  promoter  plasmids  for  four  common,  nat¬ 
urally  occurring  six-SNP  haplotypes  from  the  BAG  promoter 
insert.  The  promoter  activity  of  these  four  natural  haplotypes 
(MAPs  1-4),  measured  as  a  function  of  lucifcrasc  expression 
in  chromaffin  cells  is  shown  in  Supplementary  Material, 
Figure  S7.  We  found  that  genotypic  variations  showed  a  signifi¬ 
cant  overall  effect  (F  —  33.8,  /*<  0.001),  with  haplotypes 
showing  different  DBH  pro  mote  r/luci  ferase  reporter  activities 
(expressed  as  Firefly/Re  nil  la  ratio).  To  evaluate  the  individual 
effect  of  the  rsl 076 150  SNP  we  constructed  mutant  variants  on 
balanced  backgrounds  for  two  of  the  four  haplotypes  {I1AP2  and 
1 1AP4),  d  i  ffering  only  at  the  desi  red  —  2734  posi  Lion.  When  com¬ 
pared  with  the  T  allele,  the  C  allele  displayed  higher  expression 
on  two  different  backgrounds  {HAP2:  P  —  0.0047  and  IIAP4: 
P  =  0.0098)  (Fig.  2). 


Downloaded  ffo™  imjWdwiy  mfnrdjniimnls.ury/  at  University  of  California,  Sm  Diego  on  October  9,  2014 


/ luma n  Mo l ecu  la  r  Genetics ,  20  J  4  5 


Bioinlbnnatics  of  variant  promoter  motifs 

lo  order  to  further  investigate  the  functional  properties  of  the 
DBM  promoter  variant  rsl  076 150,  we  used  bioinformatics 
tools  (CONSITE  and  MotifLab)  for  the  analysis  of  regulatory 
sequences.  Both  tools  predicted  that  at  position  —2734  (upstream 
from  the  translation  start  site),  SNP  rs  1 076 1 50  disrupted  a  binding 
motif  for  the  transcription  factor  Snail,  As  indicated  in  Supple¬ 
mentary  Material,  Figure  S8,  the  match  and  binding  score  for  the 
C-allele  were  predicted  lo  be  higher  than  for  the  T  allele,  possibly 
resulting  in  different  expression  levels  of  the  DB1 1  protein.  For  a 
complete  characterization  of  the  DBli  promoter  region,  the  com¬ 
putational  molecular  predictions  and  proposed  mechanistic 
consequences  of  disrupted  transcription  factor  binding  molifs 
for  the  other  two  functional  promoter  variants  rs  1 6 i  1 1 15  and 
rs!9S97B7  were  added  in  Supplementary  Material,  Figure  $8, 


r4 


ANOVA 


6-5NP  haplotype 
(with -2734  in  bold): 

l:  GCTCCC 
2:  GCCCCC  (HAP2) 
3r  GCTCCT  (HAP4) 
4:  GCCCCT 


1-2734) 

(rsl  0761  50) 


Human  DBH  promoter  6-SNP  haplotype 


Figure  2.  In  Hnv  c  flee  is  of  human  DBH  promoter  variant  C-2734T  f  rs  I  076 1 50); 
Bn  i  anced  m  man  is  on  t  wo  ha  p  I  my  pc  backgrou  rids  ( H  AP2,  H  AJ  >4 )  y  i  cld  con  sis  lent 
( C  >  T)  e  ftVcis  on  ti  an  scriptian  in  cli  roma  ftin  c  e  1 1  s .  Slrtmgd 1  o f  the  promoter  va  r- 
ianls  is  shown  as  hictfeme  activity  in  PC' 12  cell  type  (  mean  ±  SEM).  /^-values 
arc  result  of  C  versus  T  variant  comparison  for  each  haplotype  background  by 
ANOVA. 


in  vivo  effects  of  functional  DBM  promoter  haplotypes  on 
human  pDRH  activity 

We  further  evaluated  the  directional  effects  of  the  three  function¬ 
al  SNPs  (rs  1076 1 50  ^  rsl 989787  rsl  6 1  1115)  in  the  DBli 
promoter  region  (which  showed  the  highest  associations  with 
p  DBH  activity  in  the  GW  AS)  in  a  haplotype  analysis  in  the  com¬ 
bined  434  EA  and  NA  subjects.  First,  we  considered  haplotype 
homozygotes  for  the  four  naturally  occurring  diploid  haplotypes 
(Fig.  3A)(  and  noted  significant  differences  in  pDBH  activity 
with  a  plasma  activity  rank  order  of:  CTC>CCC>TCC>TCT 
( P  —  1.84  x  1 0_M).  Finally  we  analyzed  the  effects  of  haplotype 
copy  number  on  pDBH  activity  for  the  four  haplotypes  (Fig.  3B). 
The  results  were  internal  ly  consistent  w  ith  those  for  haplotype 
homozygotes,  showing  that  increasing  CTC  copy  number  progres¬ 
sively  elevated  pDBH  activity  (P  =  7.49  x  IG“32),  with  recipro¬ 
cal  effects  for  haplotype  TCT  copy  number  (P  —  2.96  x  10-66). 
Corresponding  individual  SNP  effects  are  also  shown  in  Supple¬ 
mentary  Material  Figure  S5A. 


Application  of  the  MR  test  using  generic  variants  in  DBH 

PTSD  re-experiencing  symptoms  were  assessed  post-deployment 
in  402  subjects  with  available  pDBl  I  levels  and  ranged  from  0  to 
29  (mean  —  5.87).  Re-experiencing  symptoms  were  significantly 
associated  with  pDBil  (beta  —  0.13,  P  —  0.012),  making  a  MR 
analysis  applicable.  The  MR  estimate  of  the  association  of 
pDBH  and  re-experiencing  symptoms  was  significant  (beta  — 
0.21,  P—  0.002),  indicating  that  pDBH  is  a  causal  component 
in  the  development  of  re-experiencing  symptoms. 


DISCUSSION 

Dopamine  (3- hydroxylase  as  an  essential  pari  of  the  catechol¬ 
amine  biosynthetic  pathway,  converts  dopamine  to  norepineph¬ 
rine.  DBM  is  encoded  by  a  single  gene  located  on  chromosome 
9q34  and  its  enzymatic  activity  is  expressed  both  in  plasma 
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Diploid  haplotype 


DBH  promoter  haplotype 


Figure  3.  in  Wvo  effects  or  DBH  promoter  functional  variants  T-2734C  ( rs  1 07*  1 50),  C-2073T  ( rs )  989787)  and  C-970T ( nri6 1 1 1 15)  on  plasma  DBH  activity  1 1 U  3). 
(A)  DBH  promoter  diploid  haplotype  (rs  1 076 150  rsl  989787  -*  rslbl  1 1 15}  effect  on  pDBH  activity  (lU/lJ.  Only  subjects  homozygous  for  a  given  haplotype 
( rs  1 07  63  50  rsl9K97S7  — *  rsl  611 115)  are  shown,  (li)  Effect  of  DBH  promoter  haplotype  {rsl  0761 30  rsl  089787  -+  rsl  GU  1 15)  copy  number  {9,  l,  or  2 
copies  per  genome)  on  pDBH  activity  OUT  adjusted  mean  +  SEM). 
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and  CSR  The  effects  of  this  cfv-QTL  on  plasma,  serum  and/or 
CSF  DBI  \  activity  have  been  previously  investigated  in  isolation 
( 14,22,24),  but  to  date  no  genome-wide  association  studies  have 
been  reported  on  DRJ  l  activity.  1  lere.  we  present  the  first  GWAS 
of  plasma  DBI  I  levels  and  further  characterize  transcriptional 
control  of  the  DBH  gene. 

Our  GWAS  was  first  performed  in  subjects  of  E A  ancestry. 
Wc  replicated  the  DBIl  locus  as  major  contributor  to  pDBH 
activity,  explaining  ^57%  of  the  variability  in  EAs.  As  found 
by  others,  rsl 61 1115  was  the  mosl  significant  polymorphism 
in  this  gene  (22),  with  a  P  <  7.2  x  10”" by  far  exceeding  the 
genome-wide  significance  threshold  of  P<5x  10”K,  and 
another  33  SNPs  (some  of  them  with  independent  etYects)  at  this 
locus  met  genome- wide  significance.  No  other  loci  were  found  to 
be  genome-wide  significant  in  this  relatively  small  sample  of  341 
EAs,  but  10  loci  reached  suggestive  evidence  of  association  with 
pDBH  at  P<  5  x  10‘ *  and  await  further  replication  in  larger 
datasets.  However,  none  of  these  loci  were  located  on  20pl2,  a 
frarw-QTL  suggested  i  it  a  I  i  nkage  st  udy  by  (24 ).  The  often  poor  cor¬ 
respondence  between  the  susceptibility  loci  identified  in  genetic 
linkage  and  genome- wide  association  studies  may  be  due  in 
part  to  allelic  heterogeneity,  which  reduces  power  in  GWAS 
compared  to  linkage  analyses  (27), 

Genetic  association  studies  on  the  DBH  locus  have  compared 
l  he  three  main  ancestry  groups  from  Europe,  A  Inca  and  Asia, 
EAs  were  reported  to  have  higher  mean  pDBH  levels  as  com¬ 
pared  to  Japanese  (22)  and  Africans  from  Nigeria  ( 14,25).  The 
promoter  SNP  rsl6M115  was  consistently  reported  as  the 
m ost  sign  i  ficanl  candidate  S  N  P  i  n  DB i  t  across  studies  and  ances¬ 
tral  groups  ( 14.22,23,28).  Here,  we  extend  (his  work  lo  include 
subjects  of  genetically  determined  Native  American  descent, 
typically  self- identifying  as  either  Native  American  or  Hispanic 
in  our  study,  We  found  no  difference  in  pDBH  activity  levels 
between  our  EA  and  NA  subjects.  The  GWAS  replicated  the 
DBH  locus  with  the  same  top  hit  (rsl 61 1  M5  at  P  =  4.1  x  H)_1>) 
and  consistent  effect  size  estimates  (ft'  —  0.59  and  0.57  in  BAs, 
respectively)  in  this  even  smaller  sample  of 93  subjects. 

Increasing  our  power  to  detect  additional  loci  by  combining 
the  relatively  small  number  of  EA  and  NA  subjects  in  a 
meta-analysis,  we  identified  LOC33R797  (rs4255618)  on 
chromosome  I2q  at  ^  =  4,62  x  IU'*,  meeting  the  traditional 
genome- wide  significance  threshold  of  5  x  10  *.  However, 
genotype  imputations  based  on  1 000  Genomes  Project  reference 
data  are  increasing  the  effective  number  of  independent  Lests  and 
more  stringent  thresholds  have  recently  been  suggested  (e.g,  1  x 
IG“8  for  all  common  SNPs)  (29).  Irrespective  of  the  specific 
threshold  selected,  the  relevance  of  LQC3 38797 and  all  findings 
showing  suggestive  evidence  of  association  have  to  be  con¬ 
firmed  through  independent  replica* ion  of  these  results. 
LOC33B797  seems  to  encode  a  4-exon,  previously  uncharacler- 
ized  1794-hase  IncRNA,  bui  ihe  RNA-codmg  region  bears  no 
homology  to  DBHiXsdt  and  ils  role  in  DBI  I  remains  to  be  deter¬ 
mined,  However,  adding  LOG 3 3879?  to  our  genetic  model  of 
DBH  only  marginally  increased  the  percent  trait  variability 
explained  (from  57  to  59%  in  the  combined  analysis). 

An  additional  analysis  conditioned  on  the  DBH  locus  pro¬ 
moter  SNPs,  Lo  mask  Us  strong  effect  on  trait,  identified  sarcosme 
dehydrogenase  SARDfL  a  gene  adjacent  to  DBH ,  as  an  apparently 
independent,  genome-wide  significant  hit  in  EAs,  Its  lop  hit 
rs7857468  was  nominally  replicated  in  NAs.  leading  to  an 


overall  /J-value  of  1.15  x  10_u\  and  further  improving  our 
model  to  explain  65%  of  overall  variability  in  pDBH  activity. 
SARD!!  encodes  an  enzyme  localized  to  ihe  mitochondrial 
matrix  that  catalyzes  ihe  oxidative  demo  thy  la  t  ion  of  sarcosme. 
Even  though  adjacent  to  (and  within  86.6  kb  of)  DBH,  the  con¬ 
ditional  peak  SARDH  markers  displayed  I i tile  L.D  with  the 
DBH  promoter,  as  judged  by  marker-on- marker  LD  (/?“  < 
0,2}  as  well  as  a  eM/Mb  recombination  boundary  j^eak  (Supple¬ 
mentary  Material,  Fig.  S6B  and  D).  However,  analysis  of  the 
local  chromosomal  region  by  Chromatin  conformation  capture 
(or  IJi-t\  (30))  in  human  ES  cells  as  well  1  MR-90  fibroblasts 
revealed  that  both  D/if/-/ and SARDH  inhabitlhe  same  topological 
domain,  hounded  by  insulator/barrier  (CTCF  motif)  elements. 
Thus.  il  is  conceivable  that  the  SARDH  region  harbors  a  3'  tran¬ 
scriptional  enhancer  for  DBH  expression, 

Mechanisms  underlying  DBM  expression  and  secretion  into 
plasma  and  CSF  have  invoked  continuing  interest  among  a 
broad  range  of  investigators.  One  genetic  variant  in  particular 
(rs  1 6 1  I  I  1 5}  has  been  widely  investigated  and  ultimately  docu¬ 
mented  (14)  as  a  functional  variant  in  the  DBH  promoter 
(14,22).  We  previously  conducted  systematic  polymorphism 
discovery  across  the  human  DBH  locus,  and  probed  the  func¬ 
tional  consequences  of  two  promoter  variants  (rsl  989787  and 
rslfilll 15),  We  showed  that  rsl 6 11 1 15  disrupted  consensus 
transcriptional  motifs  for  tt-MVC  and  MEF-2  (14)  and 
rs  1989787  for  c-FQS  ( 15),  and  that  trans-activation  of  these  var¬ 
iants  by  the  corresponding  transcription  factors  resulted  in 
changes  in  DBH  expression,  I  he  effects  uf  variant  rsl 076 150 
on  transcription  reported  here  are  novel,  and  allowed  us  to 
evaluate  the  effects  upon  gene  expression  of  all  three  functional 
variants  simultaneously.  Here,  we  present  an  overview  of  prop¬ 
erties  of  all  three  major  functional  variants  in  the  proximal  DBH 
promoter  (  Supplementary  Material.  Fig.  S8).  We  found  add i live 
effects  of  each  functional  SNP  upon  DBH  secretion  into  plasma 
(Supplementary  Material.  Ftg,  S5),  and  noted  that  the  activity  of 
contributory  SNP  alleles  summated  lo  give  rise  to  a  spectrum  of 
promoter  haplotype  activities  (Fig.  3 A  and  B). 

Genetic  variants  in  DBH  and/or  pDBH  activity  have  been 
directly  implicated  in  mechanisms  leading  to  increased  suscep¬ 
tibility  lo  disease.  As  the  final  enzyme  in  norepinephrine  biosyn¬ 
thesis,  DBH  plays  a  role  in  differential  availability  of  dopamine 
and  norepinephrine.  Consequently,  DBH  is  involved  in  mechan¬ 
isms  underlying  disorders  associated  with  changes  in  ihe  nora¬ 
drenergic  system  (31  -35).  For  example,  our  most  significant 
DBH  variant  (rs  1 6 !  1 1 15)  is  influencing  heritable  ‘intermediate 
phenotypes1  (e.g.  autonomic  and  renal  traits)  as  physiological 
risk  traits  in  later  development  of  hypertension  (e.g.  the  T  allele 
was  found  to  decrease  urine  epinephrine  excretion  and  basal 
blood  pressure)  (14,15)  and  progressive  renal  disease  (36).  In 
addition,  biological  and  genetic  studies  suggest  associations  of 
low  DBI  I  levels  with  psychotic  symptoms,  and  with  mental  dis¬ 
orders  such  as  schizophrenia,  depression,  attention  deficit  hyper¬ 
activity  disorder  and  alcohol  ism  (see  review  16).  1  fowever.  large 
GWAS  on  cardiovascular  and  psychiatric  disorders  (e.g.  as 
reported  by  Ricoptli)  did  not  replicate  strong  effects  for  genetic 
variants  in  DBH . 

The  large  proportion  of  DBH  heri  lability  that  can  be  explained 
by  a  small  number  of  genetic  markers,  in  combination  wilh  the 
potentially  important  role  of  this  intermediate  phenotype  for 
both  psychiatric  and  cardiovascular  disorders  is  unique  and 
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may  represent  a  useful  methodological  tool  to  develop  and  lest 
genetic  epidemiological  methods  (37*38).  To  this  end,  we  have 
applied  genetic  markers  in  DBll  to  I  he  MR  approach  to  investi¬ 
gate  a  potential  causal  effect  oft  he  pDRU  and  PTSD  association 
previously  reported  (l  2, 13),  Our  prelim  inary  results  on  the  effect 
of  pDBH  on  PTSD  re- experiencing  symptoms  indeed  support 
this  causal  relation,  but  these  findings  will  need  lo  be  confirmed 
in  larger  studies. 

In  conclusion,  a  tirsl  GWAS  on  pDBl  1  activity  idenlihcd  the 
DBll  gene  as  the  principal  locus  determining  pDBll  levels  in 
both  EA  and  NA  populations,  explaining  57%  of  the  variability. 
T  wo  add  i  t  i  ona  1  no  v  e  11  oc  i ,  SA  RDl  l  a  nd  L  OC3 38 79 7,  exp  I  a  i  m  n  g 
comb  i  ned  an  addit  iona  I  S%  ofo  verall  variabil  ity ,  were  idem  i  tied 
here  and  will  have  to  be  replicated  in  independent  studies.  Com¬ 
pared  with  other  GWAS  studies,  the  effects  reported  here  were 
detected  in  relatively  small  datasets.  Future  studies  on  larger  data¬ 
sets  may  discover  additional  loci  of  smaller  effects.  Further,  we 
demonstrated  the  potential  application  of  strong  genetic  predic- 
tors  of  intermediate  phenotypes  such  as  DBI I  to  the  investigation 
of  the  disease  etiology  in  the  context  of  PTSD 

In  perspective,  the  characterization  of  DBl  l  activity  and  its 
underlying  genetic  regulation  has  positioned  us  uniquely  for 
future  studies  of 4 intermediate  phenotypes1,  potentially  leading 
to  discovery  of  causal  variants  m  complex  genetic  traits  and  dis¬ 
orders  such  as  found  in  the  psychiatric  and  cardiovascular  fields. 

MATERIALS  AND  METHODS 

Subjects  and  biological  sample  collection 

Participants  were  recruited  from  the  Marine  Resiliency  Study 
(MRS),  a  large*  prospective  study  of  post- trauma  tic  stress  dis¬ 
order  (PTSD)  involving  active-duty  United  Stales  Marines 
bound  for  deployment  to  Iraq  or  Afghanistan  (39).  The  protocols 
for  these  studies  were  approved  by  the  University  of  California- 
San  Diego  Institutional  Review  Board  (I  RB  Protocols  #070533, 
#1 1077 OX),  and  all  subjects  provided  written  informed  consent 
to  participate.  Here  we  evaluated  a  subgroup  of  the  MRS  with 
available  genotype  and  pDBll  activity  phenotype  data,  includ¬ 
ing  532  healthy*  unrelated  males  from  four  different  battalions 
(cohorts)  assessed  at  pre-deployment.  Following  a  7-month 
deployment  to  a  combat  zone*  post-traumatic  stress  symptoms 
were  evaluated  using  a  structured  diagnostic  interview,  i  he  Clin¬ 
ician  Administered  PTSD  Scale  {CAPS;  (40-43)),  Inter-rater 
reliability  in  MRS  for  die  CAPS  total  score  was  high  (Intradass 
correlation  coefficient  =  0.99).  Re-experiencing  symptoms 
(CAPS-R  symptom  cluster)  were  used  here.  Initially*  ethnicity 
and  race  were  established  by  self- report,  including  information 
on  geographic  origin  of  both  parents.  The  cohort  studied  here 
included  86%  Caucasian  and  22%  Hispanic  subjects*  with  a 
mean  (+SD)  age  of  22.41+  3.23  years  (range  18-41), 
typical  for  the  overall  MRS  participants. 

Blood  was  sampled  from  an  antecubital  vein  for  prepara¬ 
tion  of  heparinized  plasma  (for  assay  of  pDBH  activity)  and 
EDTA-anticoagulated  blood  (for  preparation  of  genomic 
DMA).  Heparinized  blood  from  lithium  heparin  tubes  was  kept 
on  ice  prior  to  centrifugation  and  plasma  was  stored  at  -  70  C 
prior  to  thawing  for  assays  in  batch.  Genomic  DN  A  was  prepared 
from  I  -2  ml  blood  leukocytes  and  diluted  to  a  standard  concen¬ 
tration  of  50  ng/pi  for  gc notyping, 


Gen oty ping,  quality  control  procedures  and  genotype 
imputations 

Genotypfng  of  2585  DMA  samples  (532  with  pDBH  activity 
measures)  was  carried  out  by  lliumina  (http://www,illumina. 
com/)  using  the  I lumanOmniExpressExome  array  (HOLE 
8vl_A)  with  951  117  loci.  Initial  allele  calling  was  performed 
by  Illumine  in  GenomeStudio  (V201J.1)  and  resulted  in  a 
sample  success  rate  of  99,65%*  a  locus  success  rate  of  99. 86%, 
□  genotype  call  rate  of  99.88%,  with  reproducibility  including 
28  replicate  DNA  sample  pairs  of  >99,99%,  Additional  data 
cleaning  was  performed  in  PLINK  v  1 .07  (44)  using  standard  pro¬ 
cedures.  SNPs  were  excluded  if  the  call  rate  was  <95%,  if  they 
violated  Hardy  -  Weinberg  Equilibrium  (P<  1  x  IQ’6),  or  if 
they  showed  plate  effects  (P-value  <  I  x  I0”H  for  any  one 
plate  or  <  1  x  IQ’4  for  two  or  more  plates).  Sample  ID  wns 
confirmed  by  evaluating  concordance  between  31  overlapping 
genotypes  from  the  \  IDEE  array  and  those  from  an  initial  *  finger¬ 
printing*  panel  including  41  ancestry- in  formative  markers 
(AIMs)  (45),  resulting  in  the  exclusion  of  one  sample  (overall 
concordance  rate  >0,99),  Unexpected  familial  relationships 
were  identified  using  pairwise  identical -by-descent  estimation 
and  two  subjects  from  sib-patrs  were  removed.  Sample  heterozy¬ 
gosity  was  between  0.2 1 1  and  0.302  and  no  excessive  high  or  low 
samples  were  identified*  The  final  dataset  included  851  541 
markers  geno typed  in  2548  individuals  wrih  a  genotyping  rate 
of  >0,998. 

!  reputations  were  performed  with  standard  prot ocols  using  the 
default  parameters  in  [MPUTE2  v2.2*2*  using  1000  Genomes 
Phase  I  integrated  variant  set  liaplotypes  for  the  uutosomes 
and  the  interim  set  for  the  X  chromosome.  Prior  to  imputation, 
genetic  markers  Lhat  had  exceedingly  rare  alternative  alleles 
(minor  allele  frequency  MAF  <  Q.0Q02)  wrere  excluded*  Next, 
genomes  were  divided  into  —5  Mb  segments*  and  phasing  and 
imputed  genotypes  were  calculated  for  each.  Imputed  markers 
with  tow  imputation  quality  values  (Info  value  <0*5)  were 
excluded.  GTOQL  v0.7.0  was  used  to  convert  genotype  prob¬ 
abilities  into  calls  for  markers  with  probabilities  >90%  (geno¬ 
types  were  called  missing  if  the  posterior  probability  of  any 
genotype  was  <90%),  resulting  tn  a  total  of 24  068  3 19  success¬ 
fully  imputed  polymorphic  markers,  and  a  total  of  24  919  860 
ge notype d  and  imputed  markers  for  association  analyses. 

Ancestry  assessment  and  control  for  genetic  background 
heterogeneity 

Ancestry  was  determined  using  genetic  information  as  described 
in  ( 45 )  1  n  brief*  ge  notypes  o  f  1 7  8  3  A  f  Ms  were  used  to  determine 
a  subject's  ancestry  at  the  continental  level  for  the  seven  geo¬ 
graphic  regions  Africa,  Middle  East,  Europe,  Cenlral/Soulh 
Asia*  East  Asia,  Americas  and  Oceania.  Ancestry  estimates 
were  determined  using  STRUCTURE  v2*3,2.3 .  (46)  at  K  -  7, 
including  prior  population  information  of  the  JIGDP  reference 
set  (47),  Based  on  these  ancestry  estimates*  MRS  subjects 
included  here  were  placed  into  two  main  ancestral  groups:  sub¬ 
jects  with  >95%  European  ancestry  were  grouped  with  EAs 
IN  =  341 );  and  subjects  with  >5%  Native  American  ancestry 
(and  <  JQ%  African*  and  <5%  each  Central  Asian,  East  Asian 
and  Oceanic  ancestry)  as  Native  American  descendants  (NAs) 
(yV  =  93).  A  very  wide  range  of  Native  American  ancestry 
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proportions  is  typical!  for  subjects  of  Self- reported  Hispanic  and 
Native  American  ethnichy/race  (e.g.  (48,49).  Subjects  with 
other  ancestral  backgrounds  were  not  analyzed  here  t N  —  98 ). 

GWAS  was  performed  separately  in  341  EAs  and  93  NAs,  To 
control  for  additional  genetic  background  heterogeneity  within 
the  two  ancestral  groups,  and  varying  degrees  of  HA  admixture 
with  in  IheNAs,  principal  component  analyses  (PCA)  implemen¬ 
ted  in  the  EIGENSTR  AT  software  (50)  based  on  1 0  000  random, 
autosomal  SNPs  were  performed.  The  first  3  Eigensfrat-derived 
PC  As  were  included  each  as  co  variates  in  the  association 
analyses. 

Functional  effects  of  trait -associated  DBH  promoter 
variants  (rsl  076150,  rsl  989787,  rsl  61 1 115):  promoter/ 
luciferase  reporter  activity  assays 

I  luman  DBH  promoter/reporter  plasm  ids  were  const  meted  from 
BAC  genomic  clone  (RPI 1-317B10)  obtained  from  CHORf 
(http://bacpac.chori.org)  as  described  before.  The  DBH  pro¬ 
moter  region  (extending  distal I y  from  -3000  to  +51  bp) 
containing  six  common  polymorphic  sites  was  excised  from 
the  BAC  clone  and  inserted  into  the  upslream/poly  linker  region 
of  firefly  luciferase  reporter  plasmid  pG 1 3- Basic  (Promega; 
Madison,  Wl,  USA).  Common  naturally  occurring  haplotypes 
and  additional  variants  were  made  by  site-directed  mutagenesis 
(QuikChange,  Stratagene  (Agilent),  Santa  Clam,  CA,  USA), 
verified  by  dideoxy  sequencing,  and  co-tmnsfected  with 
Renilla  luciferase  expression  plasmid  pRL-TK  (Herpes 
simplex  virus  thymidine  kinase  promoter  driving  Renilla  luci- 
ferase.  Promega)  as  a  iransfection  efficiency  control,  into  PC  12 
pheochromocyloma  cells  (at  ^50  60%  confluence,  I  day  after 
1:4  splitting)  as  previously  described  ( 14).  firefly  and  Renilla 
luciferase  activities  in  cell  lysates  were  measured  1 6  )i  post- 
transfection,  and  results  were  presented  as  Firefly/Ren  ilia 
luciferase  activity  ratio  ('Stop  &  Glo':  Proinega,  Madison,  Wl, 
USA). 

Biochemical  properties  of  plasma  DBH 

Plasma  DBJ 1  activity  was  measured  in  25  |xl  of  heparinized 
plasma  by  a  modified  Nagatsu/Uden friend  spectrophoto  metric 
method  (5 1 ),  and  reported  as  1U/1  (IU/l=p,mo1/mtn/l  plasma  at 
37  C,  protocol  available  online  at  http://hypertension.ucsd. 
edu/).  This  method  is  based  on  a  conversion  of  the  synthetic 
DBM  substrate  tyramine  by  DBH  (in  the  presence  of  Cu2+. 
N-ethylmaleimide  and  fumarate)  to  octopamine,  which  is  then 
oxidized  to  parahydroxybcnzaldehyde  by  sodium  periodate. 
The  oxidation  is  terminated  by  sodium  metabisulfile,  and  the 
end  product  parahydroxybenzaldehyde  is  quantified  by  its 
absorbance  at  330  nm  in  l he  ultraviolet  spectrum.  The  mean 
plasma  DBH  activity  inter-assay  coefficient  of  variation  was 
12,8%,  The  mean  plasma  DBM  level  in  532  subjects  was 
10,86  IU/l(SD  =  6.77)  and  ranged  from  0,01  to  37,41  IU/I  (Sup¬ 
plementary  Material,  Fig.  S I ). 

Bioin  forma  tic  analyses 

Computational  prediction  and  motif  discovery  for  transcrip¬ 
tion  factors  in  the  promoter  region  of  DBH  where  candidate 
SNPs  were  positioned  was  made  using  web  interface  tools 


CONSffE  ( 52 )  and  graphical  interface  MotifLab  (53 ),  available 
at  (hltp://a^p.ii. uib.no: 8090/cgi-bin/CGNSITE/consitiesf)  and  (hup:// 
tare.m edisin.ntnuno/moti flab/ respectively.  For  both  tools, 
predictions  were  based  on  position  weight  matrices  for  binding 
sites  annotated  in  J  AS  FAR  and  TRANSFAC  databases.  Motifs 
from  consensus  sequences,  whose  score  was  higher  than  N0% 
for  binding  to  a  motif  containing  a  target  SNP.  were  considered 
candidates. 

Statistical  analyses 

Plasma  DBH  levels  were  square- mot  transformed  to  conform  to 
normality  (P  >  0.74,  Kolmogorov -Smirnov  test).  GWAS  of 
transformed  plasma  DBM  levels  was  performed  in  HA  (jV  = 
341)  and  NAs  iN  =93)  separately  using  linear  regression 
under  an  additive  genetic  model  with  covariates  age.  cohort 
(three  dummy  coded  variables),  and  three  PCAsas  implemented 
in  PUNK.  SNPs  were  pruned  to  a  minor  allele  frequency  (MAF) 
>0.0 1  in  the  combined  dataset,  which  resulted  in  the  inclusion  of 
7  871  575  SNPs.  Genome-wide  significance  was  set  to  P  <  5  x 
10-*  and  suggestive  evidence  for  association  was  considered  at 
P  <  5  x  Meta-analyses  on  the  EA  and  NA  results  were 
performed  in  PL1NK,  using  a  fixed-effects  model  Tor  SNPs 
with  no  significant  heterogeneity  (f)  and  a  random-effects 
model  when  heterogeneity  was  significant  (Cochrane's  Q  sta¬ 
tistic).  Conditional  analyses  on  the  DBH  locus  were  performed 
to  identify  additional  genetic  associations  by  including  the 
three  DBH  peak  promoter  SNPs  rs  1076150,  rsl 989787  and 
rsl 61 1115  as  additive  covariates.  Percent  variability  explained 
(R1)  by  a  SNP  or  multiple  SNPs  in  a  gene  were  calculated 
using  a  linear  regression  in  R  3,0.0,  using  I  be — dump  function 
in  PUNK  lo  generate  a  list  of  highly  significant  SNPs  in  low 
LD  for  each  gene  with  genome- wide  significant  SNPs.  <2Q 
plots  and  Manhattan  plots  were  made  using  R  3.0.0.  LocusZoom 
1 .2  (54)  was  used  to  construct  regional  association  plots,  includ¬ 
ing  recombination  information  from  HapMap  phase  II  CEU. 
SG  -  A  D  VI S  E  R  (http;//genomics.scripps,edu/A  DV1 S  ER/ )  was 
used  for  SNP  annotations. 

Analysis  of  variance  (ANOV  A)  was  used  to  compare  lucifer¬ 
ase  reporter  activity  between  different  DBH  haplotypes  in  vitro , 
and  linear  regression  models  and  A  NOVA  based  on  an  additive 
genetic  model,  with  age,  cohort  and  three  PCAs  as  co  variates 
were  used  form  vivo  experiments  lo  test  for  associations  of  hap¬ 
lotypes  with  DBH  enzymatic  activity  in  plasma  using  IBM  SPSS 
Statistics,  v.2(). 

Associations  between  pDBM  levels.  CAPS  total  score  and 
symptom  cluster  B  were  tested  in  the  combined  HA  < /V  =  341 ) 
and  NA  (A  —  93)  sample.  To  account  for  the  non-normal  dis¬ 
tribution  of  CAPS  scores,  a  zero-inflated  negative  binomial 
distribution  (ZlNB)  regression  was  used  (55),  with  additional 
covariales  age,  cohort  (three  dummy  coded  variables),  and  three 
PCAs  based  on  continental  ancestry.  Associations  between 
DBH  SNPs  and  CAPS  scores  were  tested  under  an  additive 
generic  model. 

Instrumental  variable  analysis.  To  demonstrate  the  utility  oT 
strong  genetic  effects  on  intermediate  phenotypes  for  applica¬ 
tion  to  a  MR  approach,  an  association  of  pDBH  with  post¬ 
deployment  PTSD  re-experiencing  symptoms  was  tested, 
using  a  ZlNB  regression  (55),  with  additional  covariates  age, 
cohort  and  PCs,  Following  the  determination  of  a  significant 


Dnwrrtawtel  from  hnp7,,htft|,o^rortlioumals.or^  ax  University  of  California,  San  Diego  on  October  9, 20  S  4 


iiumu  n  Mol ec 1  ular  Get  ret ics,  2014  9 


association,  ilie  DBII  SNP  with  the  strongest  effect  {rs  161 1115) 
on  pDBH  was  used  as  an  instrument  to  test  ifpDBJI  is  in  the 
causal  pathway  to  disease  development  (i.e.  PTSD),  MR  esti¬ 
mates  for  the  effect  of  pDBIf  on  CAPS  were  then  derived 
using  a  control  function  approach  (56)  an  ordinary  least 
squares  regression  of  pDBl  1  levels  on  rs  161 1 1 15  was  performed, 
including  covariates  age,  cohort  and  PCs,  followed  by  a  ZINI3 
regression  of  the  CAPS  score  on  pDtil  !*  including  the  residuals 
from  the  first  regression  and  age,  cohort  and  PCs  as  covariates. 


SUPPLEMENTARY  MATERIAL 

Supplementary  Material  is  available  at  HMG  online. 
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There  is  considerable  debate  about  Lhe  most  efficient  way  to  interrogate  rare  ending  variants  in  association  stud  ■ 
ies.The  Dp  lions  include  direct  gen  oiyping  of  specific  known  coding  variants  in  genes  or,  alternatively,  sequencing 
across  the  entire  exome  to  capture  known  as  well  as  novel  variants.  Each  strategy  has  advantages  and  disadvan¬ 
tages,  but  the  availability  of  cost-efficient  exome  arrays  has  made  1  he  former  appealing.  Here  we  consider  the 
utility  of  a  direct  genotyping  chip,  the  lilumina  HumanExome  array  (HE),  by  evaluating  its  content  based  on: 
t-  functionality;  and  2.  amenability  to  imputation.  We  explored  these  issues  by  genotyping  a  large,  ethnically 
diverse  cohort  on  the  NumanOtnni Express Exome  array  (HOLE)  which  combines  the  HE  with  content  Horn  the 
GWAS  array  (HOE),  We  find  I  hat  the  use  of  the  HE  is  likely  to  be  a  cost-effective  way  of  expanding  CWA5,  but 
does  have  some  drawbacks  that  deserve  consideration  when  planning  studies. 

<B  201 4  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Methods  to  extend  genome-wide  association  studies  (GWAS)  have 
recently  become  a  topic  of  high  interest  Despite  a  large  number  of  no¬ 
table  successes  in  the  discovery  of  genetic  variants  associated  with 


Abbreviations:  HE,  HumanExome  array;  HGEE,  HumanOmniEkpressExorne  array; 
HOE  HumanOmmtXpressGWAS  array;  GWAS,  genome- wide  association  studies.  SNPs, 
single  nucleotide  polymorphisms;  MRS,  the  Marine  Resiliency  Study:  PT5D,  post- 
traumatic  stress  disorder;  QEF/DlF,  Operation  Enduring  Freedom /Opera  non  Iraqi 
Freedom:  IKH.  Irmmitfonal  Review  Board:  HGDP,  Human  Genome  Divmiry  Project: 
MAE,  minor  allele  frequency:  SNVs,  single- nurieotide  variants. 
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various  traits,  including  disease  via  GWAS,  the  variants  identified  to 
date  collectively  only  explain  a  small  fraction  of  the  estimated  hcnfabil- 
Iry  of  most  common,  chronic  diseases  (Manolio  et  al„  2QD9).  Unknown 
genetic  factors,  including  polymorphisms  that  have  yet  to  he  identified 
through  GWAS  studies,  likely  account  for  the  missing  heri (ability1  asso¬ 
ciated  with  complex  traits  (Visscheret  a l,  2012:  Yang  et  aL  2011).  One 
explanation  for  this  missing  fieri lability  is  that  widely-used  genotyping 
platforms  for  GWAS  are  designed  to  directly  interrogate  only  common 
single  nucleotide  polymorphisms  (SNPs).  Therefore,  rare  coding 
variants,  which  have  been  shown  to  play  a  role  in  the  etiology  of 
many  diseases,  rend  to  be  entirely  omitted  by  most  genotyping 
platforms  used  in  GWAS  as  they  are  not  in  linkage  disequilibrium 
(hence  not  imputable)  with  SNPs  interrogated  on  these  arrays  (Evans 
et  al„  2008:  Sun  et  ah,  201 1  )♦  Thus,  ihe  examination  of  rare  coding 
variants  requires  either  sequencing  technology  or  the  direct  genotyping 
of  variants  which  have  previously  been  identified.  While  the  former 
may  lead  to  a  more  comprehensive  assessment  of  all  forms  of  variation 
in  coding  regions,  including  the  discovery  of  extremely  rare  and/or  de 
novo  variants,  the  latter  provides  an  efficient,  cost-effective  alternative 
for  interrogating  a  subset  of  known  variants  m  coding  regions 
(flanniek  et  ah.  2012:  Pasanluc  etaL.  2012), 

The  value  of  direct  genotyping  or  previously  identified  coding  van- 
ants,  as  opposed  to  de  novo  sequencing  of  coding  regions,  is  dependent 
on  a  few  key  issues.  First,  if  one  can  identify  known  functionally  relevant 
variants  in  coding  regions  it  might  be  more  expedient  ro  focus  on  them 
in  cost-effective  direct  genotyping  studies  than  pursuing  more  costly 
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sequencing  studies  that  may  identify  many  likely  ueuoai  variants.  Sec¬ 
ond,  if  coding  variants  identified  via  sequencing  are  easily  imputable 
from  variants  genolyped  on  standard  GWA5  platforms,  then  the  need 
for  directly  genotyping  these  coding  regions  would  be  minimized  and 
greater  attention  could  be  given  to  more  reliable  imputation  strategies* 
Third,  many  coding  variants*  whether  they  are  functional  or  amenable 
to  imputation  or  not  are  very  rare  and  hence  likely  to  be  absent  in 
many  global  populations*  Thus,  direct  genutyping  certain  coding 
variants  may  only  be  useful  for  specific  populations. 

Here  we  assessed  the  potential  benefits  of  directly  gen oty ping  rare 
coding  variants  on  the  Ulumina  Human  Exome(HE)  array  by  addressing 
these  issues.  As  such,  our  assessment  includes  an  examination  of  the 
functional  content  of  variants  included  on  the  array.  We  also  evaluated 
the  amenability  of  the  HE  markers  to  imputation  from  the  Ulumina 
Human  Omni  Express  (HOE).  And  lastly,  we  evaluated  the  allele 
frequency  spectrum  of  the  variants  included  on  the  HE  chip.  We  find 
that*  overall,  the  HE  chip  does  not  suffer  severe  drawbacks  in  the 
context  of  these  issues,  but  of  course  is  limited  to  assessments  of 
known  (i*e.,  previously  identified)  variants.  Our  analyses  and  results 
have  important  implications  for  future  studies  seeking  to  identify 
associations  with  coding  variants* 

2*  Material  and  methods 

2.L  Subjects  and  geno typing 

Participants  were  recruited  from  two  southern  Californian  military 
personnel  cohorts:  1  *  the  Marine  Resiliency  Study  (MRS),  a  prospective 
study  of  post- trauma  tic  stress  disorder  (PfSD)  involving  United  States 
Marines  bound  for  deployment  to  Iraq  or  Afghanistan  (Baker  ct  aL 

2012) :  and  2*  a  cross-sectional  study  of  active  duty  service  members 
and  veterans  of  Operation  Enduring  Freedom/Operation  Iraqi  Freedom 
(QEF/OIF)  (Pittman  et  a  I,,  2012).  The  protocols  for  these  studies  were 
approved  by  the  University  ofCalifomia-San  Diego  Institutional  Review 
Board  [IRB  Protocols  #1 1 0770,  #070533,  and  #080851 }.  and  all  subjects 
provided  written  informed  consent  to  participate* 

ON  A  samples  from  2585  study  participants  were  acquired,  and 
genotyping  was  carried  out  by  Ulumina  (http://wwwdllumina.com/) 
using  the  HOEE  version  12vl*G.  Initial  allele  calling  was  performed  by 
Ulumina  in  Genome  Studio  (http:;,  www.il lumina*com)  and  the  overall 
data  quality  was  high:  sample  success  rate  was  99*95%  (9  samples 
failed),  locus  success  rate  was  99.86%*  and  genotype  cal!  rate  was 
99.88%.  Twenty -eight  replicate  pairs  of  samples  undergoing  genotypes 
were  assessed  for  consistency  and  ultimately  reproducibility  of  the 
assay  and  agreement  of  genoryping  calls  was  achieved  for  -  99.99% 
over  all  genotypes  across  these  28  pairs.  Additional  data  cleaning  was 
performed  in  PUNK  v  1*07  (Purcell  etaL  2007)  and  included  the  remov¬ 
al  of  224  markers  with  heterozygous  haploid  genotypes  on  the  X*  Y,  or 
mitochondrial  chromosome.  The  final  dataset  included  949.469 
markers  genotyped  in  254S  individuals  (2538  males  and  10  females) 
with  a  genotyping  rate  greater  than  99.8%. 

22,  Ancestry  determmGtforj 

We  estimated  each  individual's  degree  of  European,  African,  Native 
American,  Central  Asian,  East  Asian  and  Oceanic  admixture  by  compar¬ 
ing  the  individual  s  genotypes  to  allele  frequencies  of  10.079  SNPs  in 
common  with  a  large  set  of  reference  individuals  (Libiger  and  Schork* 

2013) *  In  short,  the  reference  sample  consisted  of  genotype  data  for 
2513  individuals  of  known  ancestry  who  originated  from  S3  popula¬ 
tions  from  around  the  world.  These  data  were  assembled  from  publicly 
available  sources  including  the  Human  Genome  Diversity  Project 
(HGDP)  (Cann  et  aT,  2002),  the  Population  Reference  (POPRES) 
(Nelson  et  aL,  2008),  HapMap3  (Altshuler  et  aL  2010),  and  the 
University  of  Utah  dataset  (Xing  et  aL.  2009).  Admixture  estimates 
were  obtained  In  two  steps  using  a  supervised  analysis  implemented 


in  the  ADMIXTURE  software  (Alexander  et  a  I.,  2009).  In  the  first  step, 
wc  computed  initial  admixture  estimates  for  all  individuals  assuciated 
with  each  world  population  using  the  entire  set  of  reference  individuals 
and  determined  the  estimates'  standard  errors  via  bootstrapping.  A 
subset  of  reference  individuals  from  populations  that  exhibited 
evidence  of  contributing  to  an  individual  s  ancestry  based  on  95% 
confidence  intervals  was  then  used  to  refine  the  initial  admixture 
estimates  in  a  subsequent  supervised  ADMIXTURE  analysis* 

Final  ancestry  calling  was  based  first  on  self-reported  race  and  eth¬ 
nicity  information  and  second  within  each  of  these  main  population 
groups.  Essentially,  subjects  were  placed  into  5  groups:  European 
Americans  (subjects  with  > 95%  European  ancestry:  N  =1476),  Asian 
Americans  (>  95%  East  Asian  ancestry:  N  =  43 ) :  African-American  ( sub¬ 
jects  with  >5%  African  ancestry  and  < 5%  Native  American,  Central  Asian, 
East  Asian  and  Oceanic  ancestry;  N  =  109),  Hispanic  Americans  (sub¬ 
jects  with  >5%  Native  American  and  ^10%  African,  Central  Asian,  East 
Asian  and  Oceanic  ancestry:  N  =  321),  and  Other  (all  others:  N  =■ 
599).  Thus,  our  ancestry  assignments  provide  initial  assignments  con¬ 
sistent  with  the  often-used  admixture  program  except  that  they  have 
been  refined  by  removing  noise  and  leveraging  comparisons  to  self- 
reported  ancestries, 

2.3.  Genotype  impfiftmons 

Imputations  were  conducted  using  markers  available  on  the  HOE 
platform*  Prior  to  imputation,  mitochondrial  and  unmapped  5NPs  were 
removed  from  each  set.  Markers  that  were  individually  rare  ( minor  allele 
frequency  MAE  -  0.0002),  showed  a  large  number  of  missing  genotypes 
(>5%),  or  failed  Hardy-Wemberg  equilibrium  (p<lx  10“G)  were  also 
removed  (Supplemental  Table  1).  Imputations  were  performed  using 
the  default  parameters  in  IMPLTTE2  v2*2.2,  using  1000  Genomes  Phase 
I  integrated  variant  set  haploiypcs  for  the  autosames  and  the  interim 
set  for  the  X  chromosome  (Howie  et  a!„  2003).  IMPUTE2  is  well  suited 
for  imputations  on  genetically  diverse  and  admixed  populations  such 
as  that  of  the  present  study  as  the  algorithm  is  robust  to  ancestral  genetic 
variation  within  the  reference  panel  and  study  datasets  (Howie  et  aL 
201 1 },  Genomes  were  divided  into  approximately  5  Mb  segments  (min¬ 
imum  2*5  Mb,  maximum  7*5  Mb  to  avoid  chromosome  and  centromere 
boundaries),  and  phasing  and  imputed  genotypes  were  calculated  for 
each.  Imputed  markers  with  low  imputation  quality  values  (Info  <  0,5) 
were  dropped*  GTOOL  vO,7,D  was  used  to  convert  genotype  probabilities 
into  calls.  Individual  genotype  probabilities  exceeding  90%  were  assigned 
genotype  calls  and  probabilities  <90%  were  treated  as  missing  geno¬ 
types*  Agreement  between  the  imputation  results  and  markers  exclusive 
to  HOEE  (Le.,  HE  markers)  was  examined  by  calculating  the  correlation 
coefficient,  r.  between  calls  on  a  per  marker  level*  Missing  genotypes 
were  assigned  an  allelic  dosage  representing  the  mean  genotype  at 
that  particular  locus  for  all  calculations.  Imputation  was  also  performed 
based  on  genotype  data  from  the  HOEE  platform*  A  comparison  of  the 
agreement  between  the  HOE  and  HOEE  to  impute  markers  that  were 
not  genotyped  on  either  platform  was,  likewise,  conducted. 

2.4.  Variant  Junction  of  annotations 

We  mapped  all  variants  to  the  closest  gene  from  the  UC5C  Genome 
Browser  known  gene  data  base  (Fuj)taef  aL  2011)*  Full  details  of  our  an¬ 
notation  pipeline  are  described  in  a  previous  publication  (Torkamani 
et  al.,  2012)  and  the  Supplemental  Methods.  In  brief,  variants  were  asso¬ 
ciated  with  all  transcripts  of  die  nearest  gene(s),  with  functional  impact 
predictions  made  independently  for  each  transcript  If  the  variant  fell 
within  a  known  gene,  Its  position  within  gene  elements  (e.g.  exons, 
introns,  untranslated  regions,  etc,)  was  recorded  for  functional  impact 
predictions  depending  on  the  impacted  gene  element.  All  variants 
falling  within  an  exon  were  analyzed  for  their  impact  on  the  amino 
acid  sequence  (e*g.  synonymous,  nonsynonymous,  nonsense,  frame- 
shift.  in-frame,  infercodon  etc). 
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3,  Results 

3. /,  Characterization  of  the  cohort 

Table  1  provides  a  description  oF  the  cohort  based  on  self-reported 
race  and  ethnicity  information  and  includes  the  number  of  subjects, 
gender,  and  age  oF  the  subjects  and  the  number  oF  individuals  removed 
from  the  study  because  oF  Failed  genotyping  quality  control  (see 
Methods ),  Individual  ancestry  and  admixture  proportions  were 
assessed  within  these  se If- reported  race  and  ethnicity  groups  using  ge¬ 
notype  information  (see  also  Methods)  and  a  graphical  representation 
of  the  ancestry/admixture  among  the  subjects  in  the  study  is  provided 
in  F3g.  L  We  ultimately  identified  1476  individuals  with  predominantly 
European  ancestry,  109  A Frican -American  individuals.  43  with  predom¬ 
inantly  East  Aslan  ancestry,  321  with  predominantly  Hispanic  American 
ancestry  (i.e.t  with  significant  Native  American  admixture),  and  599 
with  predominant  ancestry  from  any  other  geoethnic  population.  We 
used  these  combined  self-reported  and  genetically-determined 
ancestries  in  subsequent  analyses. 


32.  fmputaMfcy  of  the  HE  markers 

We  explored  the  possibility  that  the  markers  which  were  exclusive 
to  the  HOEE  array  (Le^  the  HE  content)  cuuld  be  imputed  From  markers 
on  the  HOE  array.  If  these  markers  are  amenable  to  imputation,  it  would 
call  into  question  the  utility  of  the  additional  content  on  the  HOEE  chip. 
Only  a  modest  proportion  of  the  markers  exclusive  to  the  HOEE  array 
were  imputable  from  the  HOE  content  and  passed  imputation  quality 
control  thresholds  (N  =  80.205;  32.9%).  Among  these,  markers  with 
common  variants  (MAF  >  0.05;  N  =  27,250)  were  imputed  accurately 
across  all  ethnicities;  76.4%  or  common  markers  had  r2  >  0.95  and 
90.6%  had  r  -  0.80.  However,  markers  with  moderately  common 
(0.01  <  MAF  <  0.05;  N  =  9777)  and  rare  (MAE  <  0.01 :  N  =  43J78) 
variants  were  imputed  more  poorly:  46.8%  and  22.9%  with  r  >  0.80,  re¬ 
spectively.  Overall.  only  50.6%  (N  —  40.620)  of  all  imputable  markers 
were  accurately  imputed  across  ethnicities  (Fig.  2A).  Considering  the 
HE  included  158,878  non-monomorphic  markers  in  this  sample 
(among  243,783  total  genotyped  markers),  only  approximately 
one-quarter  of  variable  HE  content  -  and  one-sixth  of  the  total  HE 
content  -  could  be  recapitulated  from  imputation  via  the  HOE  content 
Note  that  we  did  not  consider  the  small  number  of  Y- chromosome 
(N  —  ISO)  and  mtDIMA  markers  (N  =  245)  available  on  the  HE  chip. 

Imputation  accuracy  was  also  assessed  separately  for  European 
Americans  (N  =  1476,  Fig.  2B)+  We  found  a  trend  towards  decreasing 
imputation  accuracy  with  decreasing  minor  allele  frequency.  The 
proportion  of  markers  which  could  be  imputed  accurately  (r2  >  0.80) 
was  65%.  The  small  numbers  of  subjects  in  the  other  ancestry  groups 
precluded  statistical  comparisons. 


Finally,  the  total  number  of  markers  that  could  be  imputed  based  on 
the  HOE  a  nd  HOEE,  but  not  present  on  ei  ther  platform,  were  considered. 
A  large  number  of  markers  were  successfully  imputed  at  an  acceptable 
quality  (i.e.,  information  threshold  greater  than  05)  on  both  platforms 
(Supplemental  Table  2).  The  total  counts  and  overlap  between  HOE 
and  HOEE  were  very  similar.  Only  slightly  more  markers  were  imputed 
accurately  using  HOEE  compared  to  HOE  (22.961,598  and  22,898.51 1. 
respectively).  Markers  with  rare  variants  (MAF  <  0,01 )  accounted  for 
roughly  54%  of  the  approximately  23  million  accurately  imputed 
markers,  while  markers  with  common  variants  { MAF >  0,05)  accounted 
for  30%.  In  general,  there  was  high  concordance  of  imputed  genotypes 
between  the  HOE  and  HOEE  (Supplemental  Fig,  SI ).  Approximately 
17  million  markers  had  i2  >  0.8,  Thus,  the  performance  of  the  HOE  and 
HOEE  to  impute  markers  not  present  on  either  platform  was  deter¬ 
mined  to  be  roughly  equivalent 

3.3.  Function  a/  content  for  markers  interrogated  by  the  HE  array 

Of  the  949,469  markers  that  passed  genotyping  QC  (see  Methods), 
the  known  or  likely  Junctional  significance  of  931,570  markers  could 
be  assessed  using  a  suite  of  bioinformatics  and  computational  proce¬ 
dures  as  described  in  (Torkamani  er  aL  2012)  (see  Methods).  Of  the 
237,627  markers  interrogated  on  the  HE  chip,  there  were  237.489 
single-nucleotide  variants  (SNVs),  43  insertions,  and  95  deletions.  The 
classification  of  these  markers  into  9  functional  groups  is  shown  in 
Table  2  (left  columns).  Overall  117,678  variants  (49.5%)  on  the  HE 
were  predicted  to  be  functional  When  compared  to  the  contenL  on 
the  more  comprehensive  HOEE  array,  we  found  that  of  the  122,668 
HOEE  functional  variants,  117,678  (95.9%)  were  contributed  by  the 
HU  We  also  compared  the  contribution  or  functional  content  of  the  HE 
to  the  HOEE  array  after  imputation  ( HOEEi;  N  =  22,961,598  markers 
amenable  to  imputation).  We  found  that  only  approximately  0,7%  oF 
all  variants  capable  oF  interrogation  were  likely  to  be  functional  (right 
columns  of  Table  2),  suggesting  that  the  HE  chip  is  indeed  substantially 
adding  to  the  functional  content  available  when  using  the  HOE  array* 
even  after  imputation.  We  note  that  some  variants  (N  =  1143  or 
0.12%)  that  were  either  interrogated  on  the  HOEE  chip  or  amenable  to 
imputation  were  not  amenable  to  functional  prediction  based  on  our 
computational  procedures  due  to,  for  example,  location  inconsistencies 
in  relevant  databases, 

3.4.  Overall  and  functional  variant  frequencies 

The  majority  of  markers  interrogated  on  the  HE  platform  have  very 
low  minor  allele  frequencies.  For  example,  85%  of  markers  exhibited 
minor  allele  frequency  of  0.01  or  less  in  our  multi-ethnic  cohort  and 
similar  trends  were  observed  within  each  population.  This  observation 
has  obvious  implications  on  the  utility  of  the  HE  in  GWAS  initiatives 


Table  1 

Descriptive  statist ics  for  the  cohorts  studied  bared  on  self-reported  race  and  ethnicity 


Measure 

Number  of  subjects 

Mates/fem.iles 

Average  age 

ffPoor  genotype  QC 

Self- reported  race: 

Black/Afritan  American 

128 

1 ZH/0 

2538 

1 

Amen  ran  Indian;  Alaska 

35 

35/0 

22.66 

0 

Asian 

SO 

79/1 

24,94 

l 

Pacific  Island  /Hawaiian 

39 

38/1 

2296 

0 

White 

2104 

2{EG/8 

23.25 

7 

Multiple  races 

125 

125/0 

22.50 

0 

Unknown 

46 

46/0 

23,19 

D 

Sdf-reponed  ethnicity: 

Non -Hi  span  if 

1951 

1946/5 

23,42 

8 

Hispanic 

601 

596^5 

23,18 

l 

Unknown 

5 

5/0 

2200 

0 

Total: 

2557 

2547/10 

23,36 

9 
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Fig.  1*  AHmixl ttn:  proportion  of  individuals  Included  in  the  study  £.*t  hd  virtual  Is  repress nted  by  a  verticil  bar  divided  into  eatorocl  segments.  Tin?  size  of  eadv  alored  segment  reflects 
The  proportion  of  admixture  frum  one  of  six  major  continental  TopiUtiwns  (red  -  European:  Yellow  -  African;  green  -  Native  American;  turquoise  -  East  Asian;  blue  —  Oceanic: 
magenta  -  Central  Asian),  Individuals  in  each  ancestral  caTcgcry  arc  sorted  by  the  degree  oF  European  admixture  (Le.,  size  of  red  segments}. 


which  focus  on  single  marker  tests.  Assuming  a  sn~al  o'  no  derate  effect 
of  variants  on  disease,  most  of  the  markers  on  the  HE  *  rray  will  only 
provide  sufficient  power  to  detect  associations  between  an  allele  and 
a  disease  using  single  marker  tests  if  information  on  a  v»y  large  number 
of  case  and  control  individuals  is  collected. 

The  mean  (±s.d.)  number  of  polymorphic  marker;  per  individual 
interrogated  on  the  HE  array  was  15*746  (£215),  arc  nduded  2454 
(±59)  functional  markers*  14.3  (±6.4)  private  markers*  and  7,9 
(±3*8)  functional  and  private  markers*  Similar  cumbers  were  seen  in 
the  European  American  subgroup  [total;  15,523  ±  112:  functional: 
2420  ±  38;  private:  l OH  ±  3.8,  functional  &  privite  5*7  ±  2,6), 

4.  Discussion 

As  the  genetics  community  learns  about  the  limitations  of  contem¬ 
porary  approaches  to  discovering  variants  that  in  luenee  phenotypic 
expression,  newer  approaches  will  undoubted  y  emerge*  It  is  quire 


clear  tha~  despite  the  spectacular  and  numerous  successes  in  identifying 
associated  variants  via  GWAS  initiatives  focusing  on  common  variants 
and  linkage  disequilibrium  phenomena*  there  is  a  large  fraction  of  the 
genetic  basis  of  most  diseases  and  traits  that  has  yet  to  be  characterized, 
litis  cou  d  be  due  to  one  or  more  of  the  following  factors:  [1)  rarity  or 
relatively  small  effect  sizes  of  the  remaining  variants  contributing  to 
those  conditions;  (2)  forms  of  variation  not  hitherto  explored  in  as 
comprehensive  a  manner  as  SNPs  and  small  rndels  in  GWAS  initiatives 
(e.g.,  copy  number  of  variants  and  large  structural  variations);  (3)  compli¬ 
cated  gene  x  environment  interactions;  [4)  epigenetic  factors;  and, 
(5)  othe-  phenomena  (Frazer  et  aL  2009;  Manolio  cr  aL  2009;  Schork 
et  aL  2009). 

The  contribution  of  rare  variants  to  phenotypic  expression  is  getting 
more  ard  more  attention  given  the  availability  of  cost-efficient  se¬ 
quencing  technologies  (Bansal  et  al.t  2010;  Bodmer  and  Bonilla,  2008: 
Frazer  e:  aL,  2009:  Gibson,  201 1 ;  Malhotra  and  Sebat,  2012;  Pasaniuc 
et  al.(  2012;  Schork  etaL  2DG9).  However,  sequencing  technologies 
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Fig.  2.  ttic  proportion  of  imputable  markers  f  N  =  80,205)  exclusive  .n  :tie  HOEE  fi  t  HE  content  I  covcied  by  imputation,  based  on  The  HOE  and  1000  Genomes  reference  hapkirype^ 
across:  A)  all  subjects  (N  =  2548):  B)  European  American*  (N  =  1475),  Marker  frequencies:  blue  -  common  (MAE  >  D.05);  green  -  moderately  common  (0,01  ^  MAI  <  0.05); 
red  -  rare  (MAF  0  01 J;  and  black  daslted  -  all. 
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Villi  te  2 

l:  unctjon  jI  content  ofthe  variants  on  the  Human  fcxomearray  f Ht  j  and  the  Human  Qtfini 
EfcpressErtomc  pins  impuiable  marker  array  (HOEEi)  indicating  rhemimba  nf  variants 
and  rate  in  each  of  nine  functional  classes  (see  Methods}. 


Fund  iunal  group 

HE  variant 

Rate 

HOEEi 

Rate 

Splicing  change  variants 

372 

0.030 

625 

0,015 

Probably  damaging  nscSNPs 

54,FI70 

0267 

G7328 

D272 

Possibly  d imaging  nscSNIH 

39,144 

0.190 

46,290 

0,187 

Protein  motif  damaging  variant  s 

23,304 

0292 

2733 

0JZ93 

TFBS  dEsnfpUtTE  variants 

0 

0,000 

10 

0.004 

pre-miKNA  disrupting  variants 

6 

0,000 

201 

0.000 

miKNA-BS  disrupting  variants 

236 

0.1  Hilt 

1931 

0055 

ESE-K5  disrupting  variants 

17,500 

0,1 17 

27,058 

ati7 

E5S-KS  disrupting  variants 

6439 

OJ  14 

9869 

0,116 

Total  likely  functional  variants 

1 17,678 

0,495 

150,035 

0007 

may  still  be  cost-prohibitive  For  large-scale  association  studies. 
Therefore,  the  genetics  research  community  has  considered  the  use  of 
genotyping  platforms  that  can  interrogate  previously  identified  variants 
that  are  not  easily  captured  via  linkage  disequilibrium  on  standard 
genotyping  platforms  used  iri  GWAS  initiatives.  Choosing  the  markers 
to  be  used  on  such  arrays  is  crucial  but  a  focus  on  coding  variants 
(i,e.,  the  exome)  is  a  logical  starting  point  (despite  the  fact  that  coding 
variants  tend  to  be  rare)  since  it  has  been  shown  that  they  are  likely 
to  be  functional  and  have  been  implicated  in  a  number  of  diseases  and 
phenotypes  (Botstem  and  Risch,  2003;  Gorlov  el  al.,  2011;  Iordan 
et  at,  20 1 0;  Sunyaev,  20 12),  However,  designing  a  genotyping  array 
that  would  complement  existing  genotyping  platforms  is  not  necessar¬ 
ily  trivial  l  or  example,  imputation  strategics  are  gaining  sophistication 
making  it  possible  to  avoid  the  use  of  newer  assays  by  computationally 
assigning  variants  to  individuals  based  on  linkage  disequilibrium  pat- 
terns  in  the  genome  and  available  data  sets  (Flan nick  et  aL  2012; 
Marchini  and  Howie.  2010).  Thus  markers  interrogated  on  newer 
platforms  should  optimally  contain  those  not  amenable  to  imputation. 
In  addition,  if  markers  are  to  be  chosen  for  direct  genotyping,  then  it 
makes  sense  to  bias  them  towards  those  likely  to  include  functional 
variants.  Finally,  many  rare  variants  are  likely  to  be  population - 
specific,  including  those  likely  to  be  Functional  (Kidd  et  ah,  2012: 
Torkamani  et  aL  2012),  making  the  choice  of  which  variants  to  include 
on  a  genotyping  array  complicated.  For  example,  a  researcher  may  not 
wish  to  invest  in  a  genotyping  platform  if  many  of  the  markers  being 
interrogated  are  not  likely  to  he  found  in  the  populations  of  interest 

We  explored  these  issues  with  a  newly  available  geno typing  array 
(the  lllumina  HE)  designed  to  capture  coding  variants  that  are  comple¬ 
mentary  to  markers  currently  interrogated  by  other  genotyping  arrays. 
We  find  that  as  much  as  49,5%  of  the  markers  interrogated  by  the  array 
are  likely  to  impact  the  function  of  genes.  In  addition,  as  only  a  small 
proportion  of  the  HE  content  was  amenable  to  imputation,  we  feel  the 
addition  of  these  markers  provides  an  improvement  over  the  previous 
GWAS  array  design  -  although  it  is  possible  that  larger  imputation 
reference  panels  may  dose  this  gap. 

A  limitation  of  our  dataset  is  the  unequal  representation  of  different 
rarial/ethnic  groups  with  a  relatively  small  number  of  H  ispames.  African 
Americans,  and  subjects  of  other  raceT  which  precluded  a  detailed 
comparison  of  population-specific  variants.  In  addition,  our  cohort 
was  almost  exclusively  male,  which  effectively  reduced  the  number  of 
X  chromosomes  by  half  and  did  not  allow  for  a  comparison  between 
genders.  However,  since  analyses  were  based  on  the  combined  genomic 
content  of  the  array,  this  should  not  impact  our  conclusions. 

Obviously,  the  choice  of  a  genotyping  platform  will  have  to  he  based 
on  the  goals  of  a  study.  For  example,  if  a  study  requires  the  accommoda¬ 
tion  of  de  novo,  very  rare,  or  likely  population -specific  variants,  then  the 
use  of  an  array  designed  to  interrogate  variants  that  have  been 
previously  identified  is  inappropriate.  However,  if  the  goal  of  a  study  is 
to  efficiently  expand  the  search  for  likely  causative  variants  that  are 
beneath  the  radar'  of  standard  GWAS  genotyping  platforms,  then 


genotyping  arrays  focusing  on  rare  variants  that  are  likely  to  be  function- 
a  I.  such  as  coding  variants,  makes  sense.  The  design  of  those  arrays  in 
terms  of  the  variants  they  interrogate,  however,  is  crucial  for  their 
success. 

Supplementary  data  to  this  article  can  be  found  online  at  http;,  .  dx. 
doi.org/  1  0,1 01 6/j.gene,20  1 4.0 1 .069. 
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Susceptibility  to  PTSD  is  determined  by  both  genes  and  envi¬ 
ronment.  Similarly,  gene-expression  levels  in  peripheral  blood 
are  influenced  by  both  genes  and  environment,  and  expression 
levels  of  many  genes  show  good  correspondence  between  pe¬ 
ripheral  blood  and  brain.  Therefore,  our  objectives  were  to  test 
the  following  hypotheses:  (1)  pre-trauma  expression  levels  of  a 
gene  subset  (particularly  immune -system  genes)  in  peripheral 
blood  would  differ  between  trauma-exposed  Marines  who  later 
developed  PT5L>  and  those  who  did  not;  (2)  a  predictive  bio- 
marker  panel  of  the  eventual  emergence  of  PTSD  among  high- 
risk  individuals  could  be  developed  based  on  gene  expression  in 
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readily  assessable  peripheral  blood  cells;  and  (3)  a  predictive 
panel  based  on  expression  of  individual  exons  would  surpass 
the  accuracy  of  a  model  based  on  expression  of  full-length  gene 
transcripts*  Gene-expression  levels  were  assayed  in  peripheral 
blood  samples  from  50  U.S*  Marines  (25  eventual  PTSD  cases  and 
25  non -PTSD  comparison  subjects)  prior  to  I  heir  deployment 
overseas  to  war- zones  in  Iraq  or  Afghanistan.  The  panel  of 
biomarkers  dysregulaled  in  peripheral  blood  cells  of  eventual 
PTSD  cases  prior  to  deployment  was  significantly  enriched  tor 
immune  genes,  achieved  70%  prediction  accuracy  in  an  inde¬ 
pendent  sample  based  on  the  expression  of  23  full-length  tran¬ 
scripts,  ami  attained  80%  accuracy  in  an  independent  sample 
based  on  the  expression  of  one  exon  from  each  of  five  genes. 
If  the  observed  profiles  of  pre-deployment  mRNA-expression  in 
eventual  PTSD  cases  can  be  further  refined  and  replicated,  they 

could  suggest  avenues  for  early  intervention  and  prevention 
among  individuals  at  high  risk  for  trauma  exposure. 

<D  2013  Wiley  Periodical.*,  Inc. 

Key  words:  alternative  splicing;  mRNA;  peripheral  blood 
mononuclear  cells;  transcript ome;  trauma 

‘INTRODUCTION 

Previous  research  im  post- traumatic  stress  disorder  (PTSD)  has 
identified  numerous  factors  that  put  individuals  at  greater  risk  of 
developing  the  disorder,  such  as  family  history,  childhood  or  early 
adulthood  experiences,  personality  and  cognitive  trails,  ami  pre¬ 
existing  men  tal  d  iso  rders  |  Keen  en  et  al.,  2005 ;  K remen  el  a  I . ,  2007 1 ; 
however,  no  easily  assessed  biological  markers  of  PTSD  have  yet 
been  validated.  The  biological  factors  associated  with  l he  risk  for 
{and  resilience  to)  PTSD  are  also  poorly  understood.  Although 
susceptibility  to  PTSD  appears  to  be  moderately  heritable,  non- 
genetic  factors  {most  prominently  the  type  and  extent  of  the 
precipitating  trauma,  and  social  support)  and  gene-environment 
interactions  likely  also  contribute  to  each  individuals  overall 
susceptibility  to  the  disorder  [True  et  al.,  1 993;  Stein  et  aL,  2002; 
Karmen  et  al.,  2012). 

Given  the  less -than- ah  solute  heritabiiity  of  PTSD,  pursuit  of 
genetic  markers  alone  (e.g.,  single  nucleotide  polymorphisms 
and  copy-number  variations)  will  leave  much  of  the  variance 
in  vulnerability  unexplained  [Yehuda  et  al.,  2011;  Mehta  and 
binder,  2(H2|*  Gene  expression  (Le.,  mRNA)  levels,  which  poten¬ 
tially  reflect  the  effects  of  both  heredity  and  environment,  may  be 
better  indicators  of  the  aberrant  biology  underlying  PTSD,  as  well  as 
its  premorbid  risk  state.  PTSD  dearly  is  a  brain  disorder,  but 
assaying  gene-expression  levels— either  acutely  or  longitudinally — 
in  the  brains  of! ivi tig  human  subjects  at  risk  for  PTSD  is  impossible. 
Yet,  as  demonstrated  by  Sullivan  et  al.  12006)  and,  more  recently, 
Rollins  et  al*  [2010]  and  Kohuncand  Valtchinov  |2012j,  peripheral 
blood  expression  levels  of  many  genes  are  moderately  correlated 
with  the  expression  levels  of  those  genes  in  other  tissues,  including 
postmortem  brain,  suggesting  the  possibility  that  peripheral  blood 
gene  expression  can  be  harnessed  to  construct  useful  profiles  of 
brain  disorders  [Wodk  et  al.,  201 1  j.  Indeed,  we  and  others  have 
capitalized  on  this  proxy  phenomenon  to  identify  promising 


peripheral  blood-based  bio  markers  for  a  number  ol  neuropsychi- 
atric  disorders,  including  schizophrenia,  bipolar  disorder*  and 
autism  spectrum  disorders  [Glatt  et  al.,  2005,  2009,  20 1  la, b, 
201 2;  Tsunng  et  aL  2005;  Lee  et  al.,  201 2]* 

In  the  context  of  PTSD,  several  prior  studies  identified  differ¬ 
ences  in  peripheral  blood  gene-expression  levels  between  individ¬ 
uals  with  PTSD  and  similarly  exposed  comparison  subjects  without 
PTSD.  First,  Segman  et  al.  (2005]  described  a  longitudinal  analysis 
of  gene  expression  in  peripheral  blood  mononuclear  cells  (PBMCs) 
from  trauma  survivors  at  the  emergency  room  immediately  after 
their  trauma  and  again  4  months  later  when  a  diagnosis  of  PTSD 
could  be  definitively  established.  Predictably,  this  study  found  that 
the  expression  of  many  genes  previously  implicated  In  mediating 
ihe  stress  response  (c.g*,  genes  associated  with  hypothalamic- 
pituitary-adrenal  [11  PA]  axis  function)  were  sign ifieantly  dysregu- 
lated  in  subjects  with  PTSD  relative  to  those  who  fully  recovered 
from  their  trauma*  These  changes  in  gene  expression  also  showed  a 
linear  relationship  with  the  severity  of  three  different  clusters  of 
PTSD  symptoms.  In  addition  to  changes  in  stress -response  genes, 
the  PBMCs  from  subjects  with  full  persistent  PTSD  were  marked  by 
significant  down-regulation  of  transcriptional  activators,  suggest¬ 
ing  that  subjects  with  PTSD  may  experience  a  global  deficiency  in 
the  production  of  inRNAs  (and,  thus,  proteins)  of  key  genes  at 
critical  times.  Subsequently,  Zieker  el  al.  [2007)  replicated  dysre- 
gulation  of  stress- response  genes  in  whole  blood  from  a  sample  of 
s ubj ect s  w i t h  long- pers i st en l  PTSD  resi fifing  fro m  t li e  sa me  e n v i - 
ronmental  trigger  (the  Ramstein  air  show  catastrophe,  1989).  In 
addition,  Zieker  et  al.,  extended  earlier  work  by  demonstrating 
changes  in  several  immune-related  genes  among  PTSD  sufferers.  In 
2009,  Yehuda  et  al.  [2009)  idcnttfieda  profile  of  dysregulated  genes 
in  peripheral  blood  of  survivors  of  the  World  Trade  Center  attacks 
that  also  was  enriched  with  genes  involved  in  H  PA  axis  and  immune 
cell  functions.  Most  recently,  Neylan  el  al.  |201l]  found  global 
down -regulation  of  genes  in  CD  14+  monocytes  from  male  PTSD 
su  ffe  rers ,  but  so  m  e  e  v  id  ence  o  fine  rea  sed  activation  of  i  m  mune- 
system  genes  in  female  PTSD  patients. 

Consolidating  this  evidence  with  the  results  from  epidemiologic, 
genomic,  and  neurobioJogical  studies  of  the  disorder  |e.g.,  Uddin 
et  akT  20101  led  us  to  recently  propose  a  theory  of  PTSD  predicated 
on  dysregulation  of  immune  and  inflammatory  processes  in  gen¬ 
eral,  and  cellular  immunity  in  particular  [Baker  et  aL,  2012b]. 
However,  it  was  not  dear  from  any  of  this  work  whether  dysregu- 
lalion  of  these  processes  occurs  only  in  response  to  trauma  exposure 
or  if,  in  fact,  gene-expression  abnormalities  in  peripheral  blood  of 
individuals  exist  “pre-trauma*  ami  signal  a  heightened  susceptibility 
to  developing  the  disorder  once  trau  ma  is  experienced.  Recent  work 
by  van  Zuiden  etal*  |2012|  supports  the  assertion  that  pre-trauma 
disturbances  in  peripheral  blood  gene  expression  (at  least  in  the 
realm  of  glucocorticoid  signaling  and  regulation  of  cell -mediated 
immune  and  inflammatory  processes)  may  predict  post- trauma 
onset  of  PTSD  and  depressive  symptoms. 

Wc  virtually  never  know  about  exposure  to  a  traumatic  event  in 
advance,  so  the  next  best  alternative  in  the  pursuit  of  PTSD 
bio  markers  has  historically  been  studies  of  people  who  have  re¬ 
cently  experienced  a  trauma.  But  the  critical  limitation  in  such 
studies  is  that  it  is  not  possible  to  differentiate  pre-existing  risk 
factors  from  the  consequences  of  trauma  exposure  or  of  develop- 
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ment  of  PTSD,  In  the  context  of  this  prior  work,  we  report  here  the 
results  of  transcrip  tome-wide  expression- profiling  of  peripheral 
blood  samples  from  individuals  at  uniquely  elevated  risk  of  trauma 
exposure  and  development  of  PTSD:  participants  iti  the  Marine 
Resiliency  Study  ( M  RS )  prior  to  their  deployment  to  active  war  zones 
in  Iraq  or  Afghanistan,  who  were  then  followed  longitudinally 
(Baker  et  ah,  2012a|.  The  objectives  of  this  pilot  study  were  to 
evaluate  the  following  hypotheses:  ( I }  pre-trauma  expression  levels 
of  some  genes  (particularly  immune-system  genes)  in  peripheral 
blood  cells  would  differ  between  trauma -exposed  Marines  who 
later  went  on  to  develop  PTSD  and  those  who  did  not;  (2)  a  readily 
assessable,  predictive  biomarker  panel  of  the  es^entual  emergence  of 
PTSD  among  high-risk  individuals  could  be  developed  based  on 
gene  expression  levels  in  peripheral  blood  cells;  and  (3)  a  predictive 
panel  based  on  the  expression  u find ivi dual  exons  would  surpass  the 
accuracy  of  a  model  based  on  the  expression  of  full -length  tran¬ 
scripts  of  genes.  We  interpret  the  results  of  these  analyses  in  two 
contexts:  (I)  as  a  means  of  identifying  biological  functions,  pro¬ 
cesses,  pathways,  and  protein  domains  whose  genomic  dysregula 
bon  may  indicate  or  influence  susceptibility  to  the  disorder;  and  (2) 
the  construction  of  predictive  or  prognostic  classifiers  that  might 
ultimately  find  use  in  assessing  individual  risk  for  PTSD  and 
implementing  preventive  strategies  in  such  populations. 

METHODS 

Ascertainment  and  Clinical  Characterization  of 
Subjects 

The  MRS  is  a  prospective  cohort  study  of  factors  predictive  of  PTSD 
among  approximately  2,600  Marines  in  four  battalions  deployed 
to  Iraq  or  Afghanistan.  The  research  team  conducted  structured 
clinical  interviews  on  Marine  bases  and  collected  blood  samples 


and  data  at  four  time  points:  pre-deployment,  and  —1-week, 
—3- months,  and  — 6-months  after  returning  from  deployment 
(be*,  post -deployment)*  Measures  collected,  including  those  used 
in  tins  study,  have  been  described  m  detail  previously  |  Baker 
et  ah>  201 2a]. 

The  principal  exclusion  criteria  for  both  affected  cases  and 
unaffected  comparison  subjects  for  the  present  analyses  were:  (  f ) 
a  p  re  -  de pi  o y  i  ii  en  I  PTS  D  Ch co  k  I  i  st  f  PC  L )  s  co  re  >4  4 ;  a  n  d/o  r  ( 2 )  a 
p  re -deploy  ment  diagnosis  of  PTSD  based  on  the  Clinician-Admin¬ 
istered  PTSD  Scale  (CAPS).  In  other  words,  no  included  subjects 
met  either  cli  nirian-  or  self-rated  thresholds  for  a  diagnosis  of  PTSD 
at  pre-deployment.  Cases  were  identified  as  those  subjects  w  ho  were 
issued  a  CAPS-based  PTSD  diagnosis  at  —3-  and/or  —6-months 
post-deployment.  Unaffected  comparison  subjects  were  identified 
as  those  subjects  who,  at  no  time,  attained  a  PCL  score  >44  and  who 
were  not  issued  a  CAPS-based  PTSD  diagnosis  at  any  post-deploy¬ 
ment  interview.  Among  subjects  who  were  included  in  the  full  MRS 
sample  and  assigned  to  case  or  comparison  groups  based  on  these 
criteria,  we  then  selected  for  analysis  25  male  PTSD  cases  and  25 
male  comparison  subjects  based  on  similar  demographics,  p re¬ 
deployment  clinical  characteristics,  deployment  history,  and  levels 
of  exposure  to  putative  traumas  as  determined  from  the  Combat 
and  Post- Bailie  Experiences  subscales  of  the  Deployment  Risk  and 
Resilience  Inventory  (DRRI),  After  performing  quality-control 
checks  on  the  microarray  data  (described  below),  two  subjects 
(one  case  and  one  comparison  subject)  were  removed  from  analy¬ 
ses.  The  demographic,  clinical,  and  combat-experiential  character¬ 
istics  of  the  remaining  24  case  and  24  comparison  subjects  are 
shown  in  Table  l.  The  two  groups  were  comparable  on  all  demo¬ 
graphic  and  combat-experiential  variables.  Within  both  the  case 
and  comparison  groups,  50%  of  the  subjects  had  been  deployed 
previously  on  at  least  one  occasion,  and  while  some  subjects  in  each 
group  had  been  previously  deployed  multiple  times  {up  to  three 


TABLE  I.  Demographic,  Clinical,  and  Experiential  Characteristics  of  Eventual  PTSD  Cases  and  Non-PTSD  Comparison  Subjects 


Eventual  PTSD  cases 

Comparison  subjects 

P-value 

Sample  size:  n 

24 

24 

Age: 

21.9  ±  3.2 

21.5  ±  3.2 

0.653 

Previously  deployed:  n  [%] 

12  [50.0] 

12  [50.0] 

1.000 

Ancestry:  Caucasian  n  (%) 

Cohort  n  (%} 

1?  [2D. 8) 

18  [25.0] 

0.853 

1 

2  [8.3] 

5  [20.8] 

0.4?  1 

2 

8  [33.3] 

2  (29.2) 

3 

14  (58.3) 

12  [50.0] 

DRftf  combat  experiences 

18.9  ±  13.1 

20.2  ±  14.9 

0754 

DRftf  Post-battle  experiences 

2.3  ±  4.B 

8.7  ±  4.0 

0.281 

CAPS  pre-deployment 

22.6  ±  12.0 

15.4  ±  9,2 

0*02? 

CAPS  3-momhs  post-deployment 

62.2  ±  21,8 

40.0  ±  29.4 

0.013 

PCL  Pre-Deployment 

24.6  ±  6.4 

23.2  ±  3.4 

0346 

PCL  1-Week  Post-Deployment 

42.2  ±  12.6 

23.0  ±  4.9 

<0.001 

PCL  3-months  post-deployment 

49.3  ±  12.5 

21.2  ±  ±  4,6 

<0.001 

PCL  6-momhs  post-deployment 

40.6  ±  13.8 

20.1  ±  2.6 

<0.001 

to? lEs  ( 1 )  Oemo-graphjc  characterisi its  of  t-ach  sample  arc  reported  5-5  mean  f  SD  unless  otherwise  noted..  \2)  Sample  means  and  proportions  were  compared  u^ing  independent  samples  Mests 
and  ch^square  tests,  respectively. 
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limes),  ihere  was  no  difference  between  the  two  groups  in  the 
proportion  of  multiply  deployed  individuals  or  in  the  average 
number  of  deployments-  Although  no  subject  met  diagnostic 
threshold  for  PTSD  at  pre-deployment  as  determined  by  either 
clinician  ratings  on  the  CAPS  or  self-ratings  on  the  PCL,  the 
eventual  PTSD  cases  did  have  significantly  higher  clinician  ratings 
on  the  CAPS  at  pre-deployment,  whereas  no  significant  difference 
in  pre-deployment  self-ratings  on  the  PCL  were  observed.  As 
expected,  the  eventual  PTSD  cases  also  had  significantly  higher 
clinician-  and  self-rated  symptoms  of  PTSD  at  all  post- deployment 
evaluations. 

mRNA  Sample  Acquisition,  Stabilization, 

Isolation,  and  Storage 

Close  collaboration  with  the  Marine  Corps  and  ihe  Navy,  which 
provides  health  support  for  the  Marine  Corps,  enabled  compre¬ 
hensive  on-site  data  collection.  The  clinical  interview  and  sample 
blood  draw  f  1 0  ml)  were  both  collected  within  4  hr  of  each  other  on 
the  same  day.  Each  blood  sample  was  collected  into  an  EDTA- 
coated  collection  tube  and  immediately  transferred  to  an  RNase- 
free  laboratory,  where  all  subsequent  procedures  look  place.  The 
blood  sample  was  passed  over  a  LeukoLOCK  filter,  which  was 
Hushed  with  PBS  and  then  fully  saturated  with  RNAlater  [Gonzales 
et  aL,  2005].  Each  LeukoLQCK  filter,  containing  bound,  isolated, 
stabilized,  and  purified  white  blood  cells,  was  sealed  and  stored  in  a 
sterile  box  at  -  20DC  Once  mRNA  samples  were  acquired  from  all 
subjects,  the  entire  batch  of  samples  was  processed  to  isolate  mRNA. 
Eluted  mRNA  samples  were  stored  at  -8CTC  until  transferred  to  the 
SUNY  Micro  Array  Core  (SUNYMAC,  Syracuse,  NY)  Facility  at 
5UNY  Upstate  Medical  University  for  quality  assurance  and  micro- 
array  hybridization.  LeukoLQCK  filters,  RNAlater,  and  TRI  reagent 
were  obtained  from  Applied  biosystems,  Inc.  (Foster  City,  CA), 
while  all  other  reagents  and  supplies  were  obtained  from  VWR 
Internationa],  LLC  (West  Chester,  PA)  unless  otherwise  specified. 

mRNA  Quantitation,  Quality  Control,  and 
Hybridization 

The  concentration  of  mRNA  in  each  DNA-free  sample  was  quan^ 
lifted  by  the  absorption  of  ultraviolet  light  at  two  wavelengths  (260 
and  280  nm},  which  was  measured  on  a  Nano  Drop  ND-1000 
spectrophotometer  (Thermo  Fisher  Scientific;  Wilmington,  DE). 
The  quantity  ot  mRNA  in  each  of  the  50  samples  far  exceeded  the 
minimally  sufficient  amount  required  for  micro  array  hybridiza¬ 
tion,  The  purity  of  each  mRNA  sample  was  estimated  by  the 
260:280  nm  absorbance  ratio*  with  an  acceptable  range  designated 
a  priori  as  1.7-2. 1.  The  quality  of  each  mRNA  sample  was  quantified 
by  the  RNA  Integrity  Number  (RIN)  [Sob  feeder  el  aL,  20061  ►  which 
was  detenu ined  on  an  RNA  6000  Labchip  Kit  on  an  Agilent  2100 
Bioanalyzer  (Agilent  Technologies,  Inc.,  Santa  Clara,  CA).  Accord¬ 
ing  to  convention  [Schroeder  et  aL*  2006],  a  RIN  of  6.0  or  greater 
was  deemed  to  be  indicative  of  acceptable  quality,  and  no  samples 
were  removed  based  on  this  criterion.  Two  batches  of  25  samples 
each  (balanced  with  PTSD  cases  and  controls)  were  then  assayed 
on  GeneChip  Human  Exon  1.0  ST  Arrays  (Affymetrix,  Inc.,  Santa 


Clara,  CA )  per  the  “Whole  Transcript  Sense  T  arget  Labeling  Assay” 
protocol  |  Asymetrix,  2006]  using  I  |ULg  of  total  RNA  from  each 
sample. 

Microarray  Data  Import,  Normalization, 
Transformation,  Summarization, 
and  Quality  Control 

Partek  Genomics  Suite  software,  version  6.6  ©  2012  (Parlek 
Incorporated,  Si.  Louis,  MO),  was  utilized  for  all  analytic  proce¬ 
dures  performed  on  microarray  scan  data.  Interrogating  probes 
were  imported,  and  corrections  for  background  signal  were  applied 
using  the  robust  multi-array  average  (RMA)  method  j  Irizarry 
et  al.„  2003],  with  additional  corrections  applied  for  theGG-content 
of  probes.  The  set  of  GeneChips  was  standardized  using  quantile 
normalization  and  expression  levels  of  each  probe  underwent  log-2 
transformation  to  yield  distributions  of  data  that  more  closely 
approximated  normality,  As  most  genes  were  measured  by  multiple 
probe  sets  (typically  one  probe  set  per  exon,  but  sometimes  more), 
summarization  of  probes  took  place  at  two  levels:  first,  probes 
tagging  the  same  exon  were  summarized  by  median  polish  to  arrive 
at  one  expression  value  per  exon;  second,  exons  tagging  the  same 
gene  were  summarized  by  median  polish  to  arrive  at  one  expression 
value  per  gene.  All  pro  besets  were  expressed  with  a  signal  :noise  ratio 
>3;  thus,  no  pro  besets  were  excluded  from  analyses  of  differential 
expression.  A  total  of  257, 106  probesets  were  analyzed,  mapping  to 
20,224  whole  transcripts  and  209,826  exons. 

Un supervised  clustering  of  subjects  revealed  no  evidence  of 
batch  effects  based  on  scan  date.  Principal  components  analysis 
(PCA)  of  the  50  pre-deployment  data  points  identified  two  outliers 
(one  case  and  one  comparison  subject)  whose  component  values 
were  beyond  four  standard  deviations  (SD)  in  each  of  the  first  three 
dimensions  of  the  PGA  plot,  suggesting  that  the  fundamental  gene- 
expression  pattern  measured  in  these  subjects  (as  evidenced  by 
correlations  among  expression  levels  of  probes)  was  inconsistent 
with  that  of  the  majority  of  other  subjects.  Both  outlier  samples 
exhibited  high  levels  of  average  deviation  among  redundant  probes 
located  within  a  given  chip,  as  well  as  high  levels  of  average  deviation 
in  comparison  with  the  median  expression  levels  across  all  chips, 
suggesting  either  physical  defects  or  hybridization  problems  with 
these  chips.  Removal  of  these  two  samples  resulted  in  all  48 
remaining  subjects'  data  being  well  within  the  four-SD  ellipsoid 
on  each  of  the  first  three  PCA  dimensions. 

Microarray  Data  Analyses 

Wc  performed  four  independent  sets  of  analyses  on  ihe  microarray 
data,  as  described  below. 

Identification  of  differentially  expressed  genes  and  their  asso¬ 
ciated  biological  terms .  We  utilized  analyses  of  covariance 
(ANCOVAs)  to  determine  which  full-length  genetic  transcripts 
were  differentially  expressed  at  pre- deployment  in  peripheral  blood 
cells  between  PTSD  cases  and  comparison  subjects.  We  performed 
ANCOVAs  of  each  gene’s  expression  level  as  a  function  of 
PTSD  status  (case  or  control),  deployment  cohort  (three  levels 
corresponding  to  three  platoons  deployed  at  different  times),  age 
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( continuously  measured  in  years),  ancestry  (dichotomized  as  Cau¬ 
casian  or  not,  as  most  subjects  were  Caucasian),  and  prior  deploy¬ 
ment  status  (first  or  subsequent  deployment),  Prior  deployment 
accounted  for  less  global  variation  in  the  expression  dataset  than  did 
error,  and  prior  deployment  rates  did  not  differ  significantly 
between  cases  and  comparison  subjects,  so  it  was  removed  from 
the  model  and  subsequent  analyses  to  preserve  degrees  of  freedom. 

To  generate  a  relatively  large  candidate-gene  list  for  functional 
profiling  and  construction  of  classifiers*  we  set  the  uncorrected 
type- 1 -error  rate  for  diagnosis  in  these  analyses  at  0.0  K  We  then 
reduced  the  dimensionality  of  the  resulting  list  of  candidate  bio¬ 
markers  through  analysis  of  annotation-enrichment  using  the 
DAVID  algorithm  [Dennis  et  ah,  2003]  to  determine  if  the  gene 
list  disproportionately  represented  any  biological  “terms.*1  Specifi¬ 
cally,  we  evaluated  whether  the  list  was  enriched  with  genes  that 
aggregated  in  the  same  functional  categories,  represented  similar 
ontologies,  participated  in  the  same  biological  pathways,  or  exhib¬ 
ited  common  protein  domains/! he  evaluated  terms  included:  {  I) 
ontologies  from  Gene  Ontology  Consortium  (GQC)  (A&hfeurner 
et  ah*  2000]  and  Clusters  of  Orthologous  Groups  (COG)  [Tatusov 
et  ah,  20001;  (2)  keywords  from  the  Protein  Information  Resource 
(PfR)  [Wu  et  ah,  2003];  (3)  features  From  the  Universal  Protein 
Resource  (UniProt)  [Apweileret  al,  2004);  (4)  biological  pathways 
from  BioCarta  and  the  Kyoto  Encyclopedia  of  Genes  and  Genomes 
(KEGG )  | Kanehxsa  and  Goto,  2000 1 ;  and  (5)  protein  domains  from 
FIR,  the  Integrative  Protein  Signature  database  (InterPro)  |  Hunter 
et  al,  2009*1,  the  Simple  Modular  Architecture  Research  Tool 
(SMART)  [Schultz  et  ah,  1998),  and  the  University  of  California 
at  Santa  Cruzes  Transcription  Factor  Binding  Site  (TFBS)  database. 
Bon! error i -correction  was  applied  to  the  P- values  obtained  in  l lie 
enrichment  analyses  of  these  annotation  terms,  and  we  only  con¬ 
sidered  significant  those  tests  that  exceeded  a  threshold  of 
P  -  (0.05/the  number  of  terms  evaluated  in  a  particular  category). 

Discovery  and  replication  of  gene-based  diagnostic  predic¬ 
tors.  We  utilized  a  machine- learning  technique  (support  vector 
machine,  SVM )  to  construct,  evaluate,  optimize,  and  cross -valid ale 
classification  algorithms  predicting  eventual  PTSD  status  based  on 
gene-expression  levels  at  pre-deployment  for  a  subset  of  our  lull 
sample.  To  accomplish  this,  we  generated  a  large  list  of  differentially 
expressed  candidate  genes  (nominal  P  <  0.01 )  in  a  subset  of  the 
sample  ( 19  cases  and  19  comparison  subjects)  using  ANCOVA  and 
the  same  panel  of  factors  and  covariates  described  above.  The 
probes  on  this  list  were  then  supplied  as  potential  predictors  in 
an  SVM,  as  various  model  parameters  and  predictor  combinations 
were  evaluated  to  identify  the  model  with  the  highest  accuracy  in 
identifying  cases  and  comparison  subjects  based  solely  on  the 
expression  levels  of  a  minimal  gene  set  identified  by  shrinking 
centroids  after  two- level  nested  (i.e,,  two  level)  10- fold  cross- 
validation  ♦  The  top-performing  model  was  then  deployed  on  a 
fully  independent  test  sample  (five  cases  and  five  comparison 
subjects)  to  determine  its  genera] inability  in  accurately  predicting 
case  status  based  on  gene- expression  levels  (the  10  subjects  used  for 
model  validation  were  not  significantly  different  from  those  in  the 
training  set  in  terms  of  demographic,  gene-expression  QC,  experi¬ 
ential,  or  clinical  factors;  data  not  shown). 

Identification  of  differentially  expressed  exons  and  their  asso¬ 
ciated  biological  terms.  We  examined  exon -ex  press  ion  levels 


utilizing  AN  CO  V  As  to  identify  putative  alternative  splicing  differ¬ 
ences  between  individuals  who  would  go  on  to  develop  PTSD  and 
those  who  would  not.  The  same  factors  evaluated  in  gene -based 
analyses  (PTSD  status,  cohort,  age,  and  ancestry)  were  assessed  for 
i heir  main  effects  and  thei  r  interaction  with  exon  I D  as  predictors  of 
exon -expression  levels,  cX  jGlal!  et  al,  2009];  however,  due  to  the 
stronger  effects  of  diagnosis  on  exon -specific  expression  observed 
relative  Lo  the  earlier  gene- based  analyses,  we  restricted  the  candi¬ 
date-gene  list  to  transcripts  with  P  <  02)001  for  the  interaction  of 
diagnosis  and  exon  ID.  This  yielded  a  gene  list  still  sufficiently  large 
for  the  construction  of  classifiers  (see  below)  and  enrichment 
analyses,  which  we  again  performed  using  the  DAVID  algorithm. 
Enrichments  were  evaluated  against  a  B on ferroni -corrected 
P- value  accounting  for  the  number  of  terms  evaluated. 

Discovery  and  replication  of  exon-based  diagnostic  predic¬ 
tors .  As  outlined  above  for  full-length  transcripts  under  Methods 
Section,  we  used  SVMs  to  construct,  evaluate,  optimize,  and  cross- 
validate  classification  algorithms  predicting  eventual  PTSD  status 
based  on  exon-expression  levels  at  pre- deployment  for  the  same 
subset  of  our  full  sample.  We  first  generated  a  large  cand  Ida  te  list  of 
putatively  alternatively  spliced  genes  (nominal  P  <  0.0001  for  the 
interaction  of  PTSD  status  and  exon  ID)  in  a  subset  of  the  sample 
( 19  cases  and  19  comparison  subjects)  using  ANCOVA  and  the 
same  panel  of  factors,  co variates,  and  interaction  terms  described 
above.  For  each  gene  on  the  list,  the  most  significantly  dysregulated 
exon  was  identified  and  supplied  as  a  potential  predictor  in  the  SVM 
classifiers.  Various  model  parameters  and  predictor  combinations 
then  were  evaluated  to  identify  the  model  with  the  highest  accuracy 
in  identifying  eases  and  comparison  subjects  based  solely  on  the 
expression  levels  of  a  minimal  exon  set  identified  by  shrinking 
centroids  after  two-level  nested  1 0-fold  cross-validation.  The  top¬ 
per  forming  model  was  then  deployed  on  the  fully  independent  test 
sample  (five  cases  and  five  comparison  subjects)  to  determine 
its  genera  I  i /ability  in  accurately  predicting  case  status  based  on 
exon-expression  levels. 

RESULTS 

Identification  of  Differentially  Expressed  Genes 
and  Their  Associated  Biological  Terms 

No  gene's  expression  level  was  related  to  future  PTSD  status  at  a 
Bon  ferroni -corrected  level  of  significance,  which  is  not  surprising 
given  the  relatively  small  sample  size  and  large  number  of  tran¬ 
scripts  tested.  We  did,  however,  identify  67  probes  dysregulalcd 
with  a  nominally  significant  P  <  0.0 1  in  Marines  who  were  later 
diagnosed  with  PTSD  (Table  II),  Thirty-nine  of  these  67  probes 
were  down -regulated,  whereas  28  were  up- regulated.  While  the 
direction  of  this  pattern  is  consistent  with  prior  work  identifying 
transcriptional  down -regulation  in  PTSD  [Segman  et  al.,  2005; 
Neylan  et  al.,  201 1],  the  ratio  of  down -regulated  to  up-regulated 
probes  was  not  significantly  different  from  chance  expectation 
(one-tailed  sign-test.  P  —  0.1 1 ).  Log  2  fold-change  (FC)  of  these 
probes  in  eventual  PTSD  cases  ranged  from  L8-fold  down- 
regulation  to  2.1 -fold  up -regulation.  Annotations  significantly 
enriched  in  tile  list  of  59  genes  tagged  by  the  67  dysregulated 
probes — after  Bonfenom  correction  for  the  number  of  terms 
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TABLE  II.  Genes  Significantly  Deregulated  [P  O.OI]  in  Peripheral  Blood  Mononuclear  Cells  from  the  Full  Sample  of  Eventual  PTSD 

Cases  at  Pre-Deployment  and  Used  In  Predictive  SVM  Classifiers 

Diagnostic  group  main  effect 


Transcript  Fold-change 


cluster  ID 

Gene  symbol 

Gene  product 

in  cases 

F 

P-value 

8040080 

RSAD2 

Radical  Sadenosyl  methionine  domain  containing  2 

2.14 

8.9 

4. BE- 03 

7902541 

IFI44L 

Interferon-induced  protein  44-like 

177 

7.8 

7,9E-03 

7958895 

QAS3 

2\5roligoadenylate  synthetase  3.  100  kOa 

172 

7.5 

8.8E-03 

7971296 

EPSJH 

Epithelial  stromal  interaction  1  [breast) 

168 

11? 

L4E-03 

80SG1G2 

CMPK2 

Cytidine  monophosphate  [UMP-CMP]  kinase  2, 
mitochondrial 

154 

9.2 

4. IE— 03 

8071155 

USP18 

Ubiquitin  specific  peptidase  18 

1.49 

7,4 

9.SE-G3 

7921434 

MM2 

Absent  in  melanoma  2 

1.46 

8,8 

4.9E-03 

8046 124 

DHR59 

Dehydrogenase 

2',5'-oligoadeny!ate  synthetase  1,  40 

1.44 

8.9 

47E-03 

7958884 

OAS1 

1.39 

10.6 

2.2E-03 

7958913 

0AS2 

2^5'  oligoadenylate  synthetase  2,  69 

1.38 

8.5 

57E-03 

8004 184 

XAFi 

XIAP  associated  factor  1 

179 

87 

S.2E-03 

7976443 

iR22 

Interferon,  alpha-inducible  protein  27 

1.26 

11.6 

14E-03 

7953924 

CLEC9A 

C-type  lectin  domain  family  9,  member  A 

172 

7.4 

9.5E-03 

8121532 

WfSP3 

WNU  inducible  signaling  pathway  protein  3 

172 

8.6 

5.3E-03 

8107094 

ENST00000442824 

Cdna:pseudogene  chromosome: 

GRCh3  7: 5:97549 106:975498  25: 

1.20 

7.9 

7.5E-G3 

8043375 

TRNK 

Mitochondrially  encoded  tRNA  lysine 

1.19 

7,4 

9.3E-03 

8060294 

PDCD1 

Programmed  cell  death  1 

1.18 

8.2 

6.5E-03 

8127234 

DST 

Dystonin 

1.15 

9.0 

4.4  E- 03 

8018315 

SUM02 

SMT3  suppressor  of  mif  two  3  homolog  2 
(5.  cerevtsiae] 

1.14 

9,9 

2.9E-03 

8060997 

SPJLC3 

Serine  palmitoyltransferase,  long  chain  base  subunit  3 

1.13 

8.0 

7.2E  -03 

8118345 

CFB 

Complement  factor  B 

1.12 

8.1 

6.8E-03 

8162884 

ALDOB 

Aldolase  8,  fructose-bisphosphate 

1.11 

10.5 

2.3E-03 

80B1847 

C20arfP0 

Chromosome  20  open  reading  frame  70 

1.11 

8.5 

S.6E-03 

8178115 

CFB 

Complement  factor  B 

1.11 

9.9 

3,0E— 03 

796333S 

KRT82 

Keratin  82 

1.10 

97 

4, IE— 03 

7990391 

CYP1A1 

Cytochrome  P450f  family  1.  subfamily  A.  polypeptide  1 

1.09 

10.0 

2.9E-03 

8069503 

L0C44I956 

Similar  to  cQNA  sequence  BCQ21523 

1.09 

19.0 

8.0E-05 

8139721 

EN5WD000462919 

ncrna  pseudogene:miRNA  pseudogene  chromosome: 

GRCh3  7:7:557 13765:557 13874 

1.07 

7.5 

9.0E-03 

7993146 

ENSTQQ0QQ425Q32 

ncrna  pseudogene:scRNA  pseudogene  chromosome: 
GRCh37: 16:87  771 12:877  7408 

—1,05 

8.2 

6.4E-03 

8027824 

MAG 

Myelin  associated  glycoprotein 

— 1.08 

7.6 

8.5E-03 

8142685 

TM  EM 2 29 A 

Transmembrane  protein  229A 

1.08 

8.3 

4.9E-03 

8065252 

ENSWQ000432334 

cdna:known  chromosome: 

GRCh37: 2  0:1 97  38  3  5  2: 19  7803  20 

—  1,08 

8,6 

5.4E-03 

8030002 

INF  114 

Zinc  finger  protein  114 

—  1,09 

9.6 

3.4E-  03 

8118455 

C4A 

Complement  component  4A  [Rodgers  blood  group) 

-1.09 

9.1 

4.3E-D3 

7945498 

SCI 

Secretin 

-1.09 

11.6 

14E-03 

8179399 

C4A 

Complement  component  4A  [Rodgers  blood  group) 

-109 

77 

8.3  E- 03 

8100523 

SPINK2 

Serine  peptidase  inhibitor,  Kazal  type  2  [acrosln- 
trypsin  Inhibitor) 

-110 

8.4 

5.8E-03 

8152812 

FAM84B 

Family  with  sequence  similarity  84.  member  B 

-110 

10.3 

2. BE— 03 

8024816 

FSQ1 

Fibronectin  type  III  and  SPRY  domain  containing  1 

-1.11 

9.3 

4.0E-03 

8137962 

L0C100129484 

Hypothetical  L0C10D129484 

-1.11 

9.2 

4.1E-03 

8060339 

NRSN2 

Neurensin  2 

-1.12 

9.6 

3.5E-03 

7920264 

S100A5 

5100  calcium  hrnding  protein  AS 

-1.13 

7.9 

7.3E-D3 

8018646 

FOXJ1 

Forkhead  box  J1 

-1.14 

10.5 

2.3E-03 

8051061 

UCN 

Urocortln 

-114 

9.4 

3.8E-Q3 

8129095 

ENSTQ0QQQ43S1QQ 

Cdna:pseudogene  chromosome: 

GRCh37:G:llG579656:l  16580278 

-1.15 

7.6 

87E-03 

8122699 

RPS18P9 

Ribosomal  protein  518  pseudogene  9 

-115 

8.9 

4.6E-03 
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TABLE  IL  [Continued] 


Diagnostic  group  main  effect 


Transcript 
cluster  ID 

Gene  symbol 

Gene  product 

Fold -change 
in  cases 

F 

P-value 

8012891 

ENS  TQ00004 1 2454 

Cdna;pseudogene  chromosome' 

1.15 

8.4 

5*8  E— 03 

8071368 

TMEM131A 

GRCh3?-.l?:  14608393:14808851 

Transmembrane  protein  19 1A 

—1.15 

8.9 

4.7E-03 

812752G 

RPL39 

Ribosomal  protein  L39 

-1*15 

8.0 

7.2E-03 

7985192 

AGPHD1 

Aminoglycoside  phosphotransferase  domain  contain- 

-1.16 

7.6 

8.7E— 03 

8072584 

ENSTQ0QQ0423S1 

ing  1 

Cdna:  pseud  ogone  chromosome: 

-1-16 

9.4 

3.7E-03 

7992678 

LQC6S22PS 

6RCh37:22:3243  5477:32435883 

Hypothetical  L0C652276 

-1*16 

7.4 

9.5E-03 

8118974 

RPilOA 

Ribosomal  protein  LlOa 

—1*17 

9*3 

3.9E-Q3 

8147112 

CA13 

Carbonic  anhydrase  XIII 

—1*1? 

8*1 

6.7E-03 

8063410 

PARDGB 

par-6  partitioning  defective  6  homolog  beta 

—  1-1? 

8*5 

5.5  E -03 

8148923 

LRRCX4 

(C.  elegans) 

Leucine  rich  repeat  containing  14 

-1*18 

7.8 

7.8E-03 

7953032 

LRTM2 

Leucine-rich  repeats  and  transmembrane  domains  2 

-1*19 

7*5 

9,0E~Q3 

8076260 

SLC2SA1? 

Solute  carrier  family  25  [mitochondrial  carrier;  perox- 

-1*19 

8*3 

6.1E-03 

7982271 

GOLGAStP 

isomal  membrane  protein,  34  kDafi  member  17 

Golgin  A8  family,  member  1  [pseudogene] 

-1.20 

8*6 

S.5E-03 

7991742 

MPG 

/V-methylpurine  ONA  glycosylase 

-1.20 

9.2 

4. IE— 03 

7905691 

RPS22 

Ribosomal  protein  S27 

—  1.20 

7*7 

8.0E-03 

7950753 

CCDC90B 

Coiled-coil  domain  containing  90B 

— 1.24 

10,2 

2.SE-03 

8103622 

CBR4 

Carbonyl  reductase  4 

—  1.27 

8.1 

6.6E-03 

8107520 

TNFAIPB 

Tumor  necrosis  factor,  alpha-induced  protein  8 

-1.30 

8*1 

6.7E-03 

7909801 

SNQRA1SB 

Small  nucleolar  RNA,  H 

-1.32 

8.0 

7.0E-03 

8154962 

DNAJB5 

DnaJ  (Hsp40)  homolog,  subfamily  B,  member  5 

-1*35 

10.4 

2.4E-03 

7903765 

GSTM1 

Glutathione  Stransferase  mu  1 

—1*83 

10*2 

2.7E-03 

"Rows  are  sorted  by  decreasing  fold-change  in  eventual  PfSD  cases  relative  to  non  PTSD  comparison  subjects. 


evaluated — included  most  prominently  immune* related  processes 
and  protein  domains  involved  in  the  response  to  viral  infection 
{Table  III),  most  of  which  were  up- regal  a  ted  in  future  PTSD  cases. 
Exploratory  path  way  analysis  of  the  differentially  expressed  genes  in 
Table  II  using  the  Reactmne  database  [Matthews  el  al*,  2009] 
revealed  that  a  subset  of  genes  involved  in  type- 1  interferon 
signaling  represented  the  only  significantly  enriched  pathway  with¬ 
in  our  dataset*  Six  of  Lbe  59  genes  were  differentially  expressed 
( IF  127,  OAS1 ,  OA52)  OAS3,  XAFl,  and  USPIS),  with  all  probes  up- 
regulated  in  future  PTSD  cases* 

Discovery  and  Replication  of  a  Gene-Based 
Diagnostic  Predictor 

To  construct  a  gene-based  classifier  and  assess  its  general  inability, 
we  first  derived  a  list  of  potential  classifier  transcripts  as  those 
probes  with  a  difference  in  expression  between  PTSD  case  and 
comparison  subjects  attaining  P  <  0*01  in  the  training  sample  of  19 
cases  and  19  comparison  subjects  while  controlling  for  the  same 
factors  and  covariates  as  in  analysis  l .  This  analysis  and  filtering  left 
61  probes  (Table  IV)  that  were  then  used  to  build  and  opii  mi  zeSVM 
classifiers.  The  optima!  SVM  (identified  through  two-level  nested 
10- fold  cross-validation  with  shrinking  centroids,  cost  =  40 1 , 


tolerance  —  0.00 L  kernel  —  radial  basis  function*  and  gamma 
"  0*00 1 )  comprised  23  of  the  61  starting  probes  (Table  IV,  probes 
in  bold  font)  and  attained  85%  accuracy  in  classifying  those 
individuals  in  the  training  sample  who  would  or  would  not  go 
on  to  develop  PTSD*  We  then  tested  the  identical  23-gene  SVM 
(with  the  same  parameters*  but  with  no  shrinkage  ur  cross-valida¬ 
tion)  in  the  remaining  independent  rest  cohort  (five  cases  and  five 
comparison  subjects},  where  it  yielded  a  diminished  but  still 
reasonable  70%  accuracy.  Among  cases,  three  of  five  were  correctly 
classified,  while  four  of  five  comparijon  subjects  were  classified 
correctly*  These  values  correspond  to  a  sensitivity,  specificity* 
positive  predictive  value,  and  negative  predictive  value  in  the 
test  sample  of  60%,  80%,  75%,  and  67%,  respectively. 

Identification  of  Differentially  Expressed  Exons 
and  Their  Associated  Biological  Terms 

The  interaction  of  diagnosis  and  exon  ID  identified  putative 
isoform-expression  differences  IP  <  0.000 1 )  in  13  genes,  seven 
of  which  attained  B on ferroni -cor reeled  significance  (Table  V).  An 
example  ofbetween -group  differences  in  exon  expression  for  one  of 
these  five  genes  (SUV420H1)  is  illustrated  in  figure  l,  where  the 
future  PTSD  cases  have  significantly  lower  levels  of  expression  of  a 
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TABLE  lit.  Annotations  Enriched  at  Banfeironi-Conrected  Significant  Levels  Among  Genes  Dysregulated  [P  0.01]  in  Peripheral  Blood 
Mononuclear  Cells  From  the  Full  Sample  of  Eventual  PTSD  Cases  at  Pre-Deployment’ 


Category 

Term 

Count  (%) 

G0TERM  BP  FAT 

GG;Q0Q6955  *v  immune  response 

10  (2.2) 

INTERPR0 

!PR00611?:i?',5'-oligoadenylate 
synthetase,  conserved  site 
IPR018952:2'.5'-oligoadenylate 
synthetase  1,  domain  2/C  terminal 
fPROQGl  lG^^S'-oligoadeny  late 

3  (0.2) 

INTERPR0 

3  (0.2) 

INTERPR0 

3  (0.2) 

synthetase,  ubiqustm-like  region 

"Rows  are  soittfd  by  increasing  Pwalue  for  the  enrichment  of  annotations, 


Fold 

Bemferroni 

Dysregulated  genes 
(direction  of  dysregulation 

enrichment 

P-value 

corrected  P 

in  eventual  PTSD  cases] 

5,6 

3. PE— 05 

1.8E-G2 

fl4Sl(I).  0AS2[1], 

277.P 

4.1E-05 

5. PE— 03 

AIM2[ T).  PDCD1[\] 
O/ISJm.  CMSJ(t).  OAS2[ T) 

2777 

4.1E-05 

5, PE— 03 

04S3(T),  04SJ(|).  OAS? (I) 

222.1 

6.8E—05 

9.5E-03 

£MS3(t],  G4SJ(f).  DAS2{}\ 

TABLE  IV.  Genes  Significantly  Dysregulated  [P  0,01]  in  Peripheral  Blood  Mononuclear  Cells  From  a  Subset  of  Eventual  PTSD 

Cases  at  Pre-Deployment  and  Used  in  Predictive  SVM  Classifiers 


Diagnostic  group  main  effect 


Transcript  Gene  Fold-change 


cluster  ID4 

symbol 

Gene  product 

in  cases 

F 

P-value 

3040080 

R5AD2 

Radical  Sadenosyl  methionine  domain  containing  2 

2,33 

9.3 

4.6E-G3 

7958895 

OAS3 

2',5'-0iigoadenylate  synthetase  3,  100  kOa 

2.01 

11.0 

2.3E  03 

P902541 

IFI44L 

Interferon-induced  protein  44-ltke 

1.99 

1L0 

2.3E-03 

Q064P1G 

SJGLEC1 

Sialic  acid  binding  Ig-like  lectin  lt  sialoadhesin 

1.4B 

10.4 

2.9E— 03 

7958913 

0AS2 

2',5'-G]igoadenylate  synthetase  2,  69 

1.45 

8,0 

8.2  E— 03 

8165682 

JRNSF 

Mitochondrially  encoded  TRNA  serine  2 

1.38 

8.2 

P.5E  03 

8102127 

TACR3 

Tachykinin  receptor  3 

1.35 

7.6 

9,6  E— 03 

7971191 

SUGJ1P3 

Suppressor  of  62  allele  of  SKP1  [S.  cerevtsiae) 
pseud ogene  3 

1.2P 

8.4 

67E  03 

8043375 

TRNK 

Mitochondrially  encoded  tRNA  lysine 

1.25 

8.4 

6.8E-03 

8165684 

TRNL2 

Mitochondrially  encoded  tRNAfeucine  2 

1.25 

8.6 

6,2E— 03 

81G566P 

TRNK 

Mitochondrially  encoded  tRNA  lysine 

1,25 

8.1 

P.5E-03 

7896752 

TRNK 

Mitochondrially  encoded  tRNA  lysine 

1.25 

8.1 

P.5E-03 

8055594 

ENSEMBL 

ncrna  pseudogene:Mt  tRNA  pseudogene  chromosome: 
GRCh37:2:l 

1.23 

8.2 

7.3E-03 

7903203 

SNXF 

sorting  nexin  7 

1.21 

9.4 

4,4E— 03 

7938561 

E NS  TD000048F1 4  4 

ncrna  pseudogeneirRNA  pseudogene  chromosome: 
GRCh37:ll:132 

1.16 

10.8 

2.4E-03 

808P433 

NICN1 

Nicolin  1 

116 

P.9 

8,3E— 03 

806099? 

SPTLC3 

Serine  palmitoyltransferase,  long  chain  base  subunit  3 

1.15 

9.0 

5,  IE- 03 

8031680 

ENST00QQ04929Q3 

ncrna  pseudogcneiMt  tRNA  pseudogene  chromosome- 
GRCh37:19: 

1,13 

8.3 

P.1E— 03 

P95369? 

GENSCANQ0DQ002QB82 

cdna:Genscan  chromosome; 

GRCh37;  12:8090472:8 16893  5:1 

1.0? 

8.1 

7.5E-03 

8141423 

miQGB 

microRNA  106  b 

-1.05 

9.3 

4. BE  — 03 

8091099 

ENST00000450495 

cdna:known  chromosome: 
GRCh3P;3:14l583849:14l5B4l21:-l  gen 

-1.06 

8.P 

6.GE-03 

8146643 

MfRl  24  2 

microRNA  124-2 

-10? 

8.3 

7.0E-03 

8027824 

MAG 

Myelin  associated  glycoprotein 

-1,08 

8.2 

7.3E-03 

P911941 

ENDS 

Chromodomain  heltcase  ONA  binding  protein  5 

— 1.08 

8.3 

6.9E-G3 

7955211 

DNAJC2F 

DnaJ  [Hsp40]  homolog,  subfamily  C, 
member  22 

— 1.08 

9.4 

4.4E-03 

CL  ATT  ET  AL 
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TABLE  tV.  [Continued] 


Diagnostic  group  main  effect 


Transcript 
cluster  IDa 

Gene 

symbol 

CYPD1 

Gene  product 

Fold-change 
in  cases 

F 

F- value 

8055314 

LY6 

-1.09 

7.6 

9.7E-03 

8065252 

BC 00438 2 

Homo  sapiens,  clone  IMAGE:3G4G982,  mRNA. 

-1.10 

7.2 

9.0E-03 

8100523 

SPINK2 

partial  cds 

Serine  peptidase  inhibitor,  Kazal  type  2 

-1.10 

11.2 

2. IE— 03 

8030002 

ZNF114 

(acrosin-trypsin  inhibi 

Zinc  finger  protein  114 

-1.11 

15,2 

4.6  E— 04 

8060339 

NRSN2 

Neurensin  2 

-111 

1.3-1 

9.9E-D4 

8152812 

FAM84B 

Family  with  sequence  similarity  84,  member  B 

—1.11 

7.9 

8.3E-03 

8112022 

CCNO 

Cyelin  0 

-111 

7.7 

9.3E-03 

7945498 

SCT 

Secretin 

-1.12 

14.8 

5.3E-Q4 

8126450 

RPL24 

Ribosomal  protein  L24 

-113 

7.5 

9.8E-03 

8084428 

FAM131A 

Family  with  sequence  similarity  131,  member  A 

-113 

8.1 

7,7  E-03 

8042532 

VAX? 

Ventral  anterior  homeobox  2 

-1.13 

17.5 

2.1E-04 

8151281 

TRAM1 

Translocation  associated  membrane  protein  1 

-1.13 

9.4 

GTE- 03 

8019682 

ANAPC11 

Anaphase  promoting  complex  subunit  11 

— 114 

9.4 

4.4E-03 

8024869 

RTDR1 

Rhabdoid  tumor  deletion  region  gene  1 

-114 

8.1 

7.8E-G3 

292810? 

H2AFY2 

H2A  histone  family,  member  Y2 

“114 

8.0 

7.9E-03 

8024816 

FSD1 

Fibronectin  type  III  and  SPRY  domain  containing  1 

-115 

12.2 

1.4E-D3 

8038048 

CCDC114 

CoHed-coil  domain  containing  114 

-1.15 

9.3 

4.5E-03 

8084982 

LOCI  5221 ? 

Hypothetical  L0C15221? 

-115 

7.6 

9TE-03 

8122526 

RPL39 

Ribosomal  protein  L39 

—  1.12 

8,8 

5.6E-03 

8154563 

ACER2 

Alkaline  ceramidase  2 

-118 

9.9 

3.5E-Q3 

2985192 

AGPHD1 

Aminoglycoside  phosphotransferase  domain 

-118 

7.9 

8.5E-03 

8128090 

CSorf48 

containing  1 

Chromosome  6  open  reading  frame  48 

-1.18 

7.9 

8.5E-03 

8129326 

C6orf48 

Chromosome  6  open  reading  frame  48 

-118 

7,9 

8.SE-03 

8018646 

F0XJ1 

Forkhead  box  J1 

-118 

9.8 

3TE-03 

8022584 

ENST0Q000423610 

edna:pseudogene  chromosome: 

-1.19 

8.7 

5,9E— 03 

8022120 

RPLS 

GRCh3?:22:32435472:32435883:l 

Ribosomal  protein  L6 

-1.20 

9.0 

5.2E-D3 

2932964 

CIO 

C1D  nuclear  receptor  compressor 

-121 

8.9 

5.4E-D3 

8085852 

NGLY1 

iV-glycanasc  1 

-122 

9,3 

4,6E-03 

8160308 

RPSB 

Ribosomal  protein  S6 

-1.22 

9.8 

3TE-03 

8038993 

ZNF28 

Zinc  finger  protein  28 

-1.25 

8,4 

6.8E—G3 

8102520 

TNFAIP8 

Tumor  necrosis  factor,  alpha-induced  protein  8 

—  129 

7,9 

8.5E-G3 

2911359 

N0C2L 

Nucleolar  complex  associated  2  homolog 

-1.29 

7.8 

8.9E-03 

811935? 

DM  M2 

[S.  cerevisiae] 

Dishevelled  associated  activator  of  morphogenesis  2 

-130 

9,8 

3TE-03 

8090256 

SNX4 

Sorting  nexin  4 

-1.37 

8.8 

5.6E-G3 

8155359 

CNJNAP3 

Contactin  associated  protein-like  3 

-1.42 

7.7 

9. IE— 03 

2903265 

GSTM1 

Glutathione  5-transferase  mu  1 

-1.95 

9,2 

4.8E— 03 

+Rows  ore  saned  by  decreasing  Fold-change  in  eventual  PTSD  cases  relative  to  norvPTSO  comparison  subjects. 

'transcripts  in  bold  comprised  ihe  optimal  23-probe  5VM  dassHrer  of  eventual  PTSD  status  identified  by  training  and  testing  in  independent  samples. 


single  probe  in  the  3'  (left)  end  of  the  gene  suggesting  lower 
expression  of  the  it  isoform  (one  of  the  gene's  1 2  known  iso  forms} 
among  future  PTSD  cases.  The  list  of  13  genes  was  analyzed  by  the 
DAVID  algorithm,  but  no  annotations  were  found  to  he  signifi¬ 
cantly  enriched  after  Bonferroni  correction  for  the  n  umber  of  terms 
evaluated;  this  is  not  surprising  based  on  the  small  size  of  this  gene 
list,  which  did  not  afford  much  opportunity'  for  enrichment  to  be 
detected. 


Discovery  and  Replication  of  an  Exon-Based 
Diagnostic  Predictor 

To  construct  an  exon -based  classifier  and  assess  its  general  [/.ability 
we  first  identified  potentially  differentially  spliced  exons  within  our 
training  sample  of  1 9  cases  and  1 9  comparison  subjects  based  on  the 
diagnosis  x  exon  ID  interaction  term,  using  a  nominal  threshold 
of  P  <  0.0001,  while  controlling  for  the  same  factors  and  co variates 


TABLE  V.  Exont  Significantly  fiysfcgylated  in  Peripheral  Blood  Mononuclear  Celts  From  the  Full  Sample  of  Eventual  PTSD  Cases  at 

Pre-Deployment  and  Used  in  Predictive  SVM  Classifiers 
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'Rows  are  sorted  by  increasing  lvalue  for  The  interaction  of  diagnosis  and  exon  10. 

''Exon,  protscseiS  in  bofd  were  [he  most  significantly  differentially  expressed  (pet  gene]  between  diagnostic  groups,  and  were  used  in  SVM  classification  analyses. 
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FIG,  i.  Microarray-denved  expression  levels  (ordinate)  of  Individual  exon-probes  (abscissa]  of  suppressor  of  variegation  4-20  homglog  1  of 
Drosophila  (5UV42GHi)  in  peripheral  blood  mononuclear  cells  from  eventual  PTSD  cases  (n  -  24;  squares)  and  comparison  subjects  fn  24; 
triangles)-  The  interaction  of  diagnosis  and  exon  ID  was  highly  significant  [p  1.2E  OB,  Bonferront-corrected  p  3.4E  04)  owing  to  the 
selective  down-regulation  of  an  extended  exon  (probeset  ID  2949933)  in  the  3'  end  of  isoform  b  [*p  -  0.005]  in  eventual  PTSD  cases  which 
occurs  in  the  context  of  comparable  expression  levels  of  all  other  exons  and  isoform  between  groups. 


ns  in  the  analyses  above.  For  genes  displaying  more  than  one 
deregulated  probe  between  diagnostic  groups,  we  selected  the 
probe  with  the  most  significant  betwcen-group  difference  in  ex¬ 
pression  level  based  on  I  he  P- values  from  planned  comparisons. 
This  analysts  and  filtering  yielded  f  I  exons  with  expression  differ¬ 
ences  between  PTSD  cases  and  comparison  subjects  {Table  VI)  that 
were  then  used  to  build  and  optimize  SVM  classifiers.  The  optimal 
SVM  (identified  Lhrough  two-level  nested  1 0- fold  cross-validation 
with  shrinking  centroids,  cost  -  20U  tolerance  0.00!,  kernel 
radial  basis  function,  and  gamma  0.0001 )  comprised  five  of  the 


!  1  starting  probes  (Table  VI,  probes  in  bold  font)  and  attained  84% 
accuracy  ill  classifying  those  individuals  in  the  training  sample  who 
would  or  would  not  go  on  to  develop  PTSD,  We  then  tested  the 
identical  live-gene  SVM  (with  the  same  parameters,  but  with  no 
shrinkage  or  cross-validation)  in  the  remaining  independent  test 
cohort  (n  =  If);  five  cases  and  five  comparison  subjects),  where  it 
yielded  a  diminished  but  reasonable  80%  accuracy  (higher  than  the 
accuracy  observed  in  gene-based  analyses).  Among  PTSD  cases, 
three  of  five  were  correctly  classified  while  all  five  comparison 
subjects  were  classified  correctly.  These  values  correspond  to 


TABLE  VI.  Exons  Significantly  Deregulated  in  Peripheral  Blood  Mononuclear  Cells  From  a  Subset  of  Eventual  PTSD  Cases  at 

Pre-Deployment  and  Used  in  Predictive  SVM  Classifiers 


Transcript 

Gene 

Interaction 

Fold- 

duster  I0a 

symbol 

Gene  product 

P 

Exon  ID 

change 

F 

P’ value 

8040080 

RSA02 

Radical  Saclcnosyl  methionine  domain  containing  2 

1.3E-D? 

8040085 

2.46 

1042 

2  9E-03 

8133288 

PTPN12 

Protein  tyrosine  phosphatase*  non-receptor  type  12 

1.8E-D5 

8133802 

2,23 

2,64 

9.4E-03 

B136S62 

HGAM 

Maltase-giucoamylase  (alpha-glucosidase) 

4.8E-0S 

8136200 

2.20 

3.36 

2.GE-02 

8Q6421G 

SIGLEC1 

Sialic  acid  binding  Ig-tike  lectin  lf  sialoadhesin 

5.9  E— 06 

8064212 

1.80 

1542 

4.3  E -04 

2958895 

DAS3 

2\5'*oiigGadenylate  synthetase  3 

22E-05 

2958912 

1.24 

5,64 

4.2E-03 

2954810 

LRRK2 

Leucinmrich  repeat  kinase  2 

8,  IE- 09 

2954820 

1.21 

8.53 

6.3E-03 

2903265 

GST  Ml 

Glutathione  Stransferase  mu  1 

2.4E-05 

2903269 

—  1.48 

831 

2  0E-  03 

8102356 

DCP2 

Dccapping  enzyme  homolog  (5.  cercvisiae] 

9.2E-D5 

8102363 

-2,04 

8,29 

2, IE— 03 

2949931 

SUV420H1 

Suppressor  of  variegation  4-20  homofog  1 

5.1E-0G 

2949933 

-2,21 

6.13 

L9E-  02 

8083282 

HPS3 

Hermansky-Pudlak  syndrome  3 

2.9E-06 

8083 291 

-2.28 

6.18 

1.8E-02 

8068240 

UMODL1 

Uromodulin-like  1 

2.2E— 19 

8068245 

-2.13 

16.93 

2.5E-04 

'Rows  ate  sorted  by  decreasing  fold  change  in  eventual  PTSD  cases  relative  iq  nan-Pl$0  camparis-on  suhjccts. 

*E*on5  of  transcript  duster  IDs  in  bold  comprised  the  optimal  S-piohe  SVM  classifier  nf  eventual  PtSO  status  identified  by  training  and  testing  in  independent  samples 
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sensitivity,  specificity,  positive  predictive,  and  negative  predictive 
values  of  60%,  100%,  100%,  and  71%,  respectively, 

DISCUSSION 

A  fairly  consistent  picture  of  PTSl> induced  or  -associated  changes 
in  peripheral  blood  gene  expression  is  emerging,  with  immumty- 
rdated  genes  among  the  most  reliably  implicated  bio  markers.  To 
this  picture  we  add  new  and  compelling  pilot  data  suggesting  that 
dysregulation  of  immunity- related  genes  not  only  accompanies  the 
emergence  of  PTSD,  but  precedes  it.  This  result  strongly  suggests 
that  this  dysregulation  is  a  risk  factorand  not  simply  a  consequence 
of  PTSD.  Yet*  immune-gene  dysregulation  may  be  only  one  piece  of 
the  biological  puzzle  of  PTSD  susceptibility,  as  many  genes  com¬ 
prising  the  best- performing  PTSD- predictive  classifiers  were  not 
immune-system  genes,  and  these  other  genes  had  highly  disparate 
functions. 

Collectively,  profiles  of  dysregulated  genes  in  immune  and  other 
pathways  may  serve  as  potent  risk  indicators  upon  which  early 
intervention  and  prevention  efforts  may  ultimately  be  based.  To  wit% 
we  were  able  to  construct  and  validate  two  panels  of  blood-based 
PTSD  risk -predictive  bio  markers  that  ranged  in  accuracy  from  70% 
to  80%  in  independent  (albeit  small)  replication  samples.  Despite 
our  relatively  small  sample  size  and  the  additional  levels  of  correc¬ 
tion  for  multiple- testing  required  for  exon  analyses,  a  number  of 
differentially  expressed  exons  surpassed  stringent  criteria  for  de¬ 
claring  statistical  significance.  Additionally,  Lhe  exon-based  pre¬ 
dictive  classifier  appeared  to  perform  better  than  the  gene-based 
predictive  classifier.  Taken  together,  these  findings  suggest  that 
exon  expression  may  be  more  reliable  and  biologically  informative 
than  gene  expression  (which  reflects  the  average  expression  of  all 
transcript  isoforms  of  a  particular  cluster). 

It  is  important  to  note  that  these  classifiers  employed  decision  - 
rules  based  solely  on  mRNA  expression  levels.  Possibly,  more 
accurate  classification  models  can  be  constructed  In  the  future 
by  taking  into  account  additional  known  predictors  of  PTSD,  such 
as  family  history,  personality  traits,  pre-existing  mental  disorders 
IKoenen  etal.,  21)  03  a,  b],  and  other  factors  not  necessarily  related  io 
gene  expression.  Alternatively*  risk  factors  such  as  childhood 
exposure  to  trauma  [van  Zuiden  et  ah,  2012)  might  actually  be 
associated  with  or  interact  with  alterations  in  p re -deployment 
mRNA- express  io  n  profiles,  The  present  study  was  unable  to  ac¬ 
count  for  childhood  exposure  to  trauma  or  other  such  factors,  but 
future  efforts  to  construct  predictive  models  should  seek  to  Incor¬ 
porate  such  data.  Further  precision  in  measuring  the  amounts  and 
types  of  mRNA  iso  forms  present  in  peripheral  blood  (e.g.,  by 
further  analyses  of  exon -level  expression,  or  by  quantitation  of 
distinct  alternatively  spliced  isoforms  through  RNAseq  or  exon- 
exon  junction-probing  microarrays)  will  undoubtedly  also  facili¬ 
tate  the  construction  of  more  accurate  classifiers.  Nevertheless,  a 
single  predictive  classifier  of  PTSD  {no  matter  how  precisely 
constructed)  may  never  perform  with  100%  accuracy,  which  is 
why  it  will  be  essential  to  pursue  fin  larger  samples)  those  character¬ 
istics  of  either  the  subjects  or  the  data  that  would  determine  for 
whom  such  a  classifier  works.  Of  equal  interest  is  the  possibility  that, 
despite  similar  phenotypic  manifestations  of  PTSD,  there  are  two  or 
more  unique  biomarker  profiles  that  predict  the  same  phenotypic 


outcome.  In  fact,  eriologic  heterogeneity  may  be  a  hallmark  of 
complex  disorders  including  PTSD,  so  it  may  not  be  possible  io 
identify  a  single  “one- size- fits -air  biomarker  profile  of  the  suscep¬ 
tibility  toward  the  disorder.  T  hus,  in  the  future,  distinct  predictive 
biomarker  classifiers  may  be  required  to  account  for  disorder 
stratification  and  correctly  classify'  biologically  or  phene typically 
separate  sets  of  subjects  at  highest  risk  of  developing  PTSD.  Another 
distinct  possibility  is  that  for  some  eventual  cases  of  PTSD  there  is 
no  blood-based  pre- trauma  biomarker  signature  of  increased 
susceptibility  to  be  found.  We  are  currently  investigating  each  of 
these  possibilities  further. 

Because  of  our  relatively  small  sample  size  and  the  severe 
corrections  for  multiple- testing  required  when  examining  the 
entire  transcripiome,  we  did  not  detect  individual  gene -express ion 
differences  in  eventual  PTSD  cases  that  surpassed  stringent  criteria 
for  declaring  statistical  significance.  As  such,  the  focus  of  our  efforts 
and  interpretations  has  been  on  groups  of  genes,  either  in  regard  to 
their  biological  annotations  or  their  collective  ability  to  identify 
PTSD  cases.  Nevertheless,  one  gene  identified  here  as  predictive  of 
PTSD  emergence  ( RPL24)  is  notable  in  that  it  was  a  Iso  identified  as  a 
diagnostic  biomarker  of  PTSD  in  a  prior  blood-based  gene  expres¬ 
sion  study  by  Mehta  and  Binder  [2012].  Interestingly,  we  found  that 
this  gene  was  significantly  down -regulated  at  pre-deployment 
among  Marines  who  would  later  go  on  to  develop  PTSD,  whereas 
Mehta  et  al.,  found  this  gene  to  Lie  up- regulated  in  current  PTSD 
sufferers.  If  this  observation  can  be  confirmed  by  additional  work,  it 
suggests  that  the  down- regulation  of  RPL24  at  baseline  may  signal 
heightened  susceptibility  for  the  disorder  which  is  then  accompa¬ 
nied  by  a  concomitant  increase  and  over- expression  of  this  gene 
after  exposure  to  the  precipitating  trauma  and  subsequent  devel¬ 
opment  of  PTSD  symptoms.  The  majority  of  genes  that  we  found  to 
be  deregulated  at  baseline  in  eventual  PTSD  cases  do  not  appear  in 
other  post-trauma  studies  to  be  either  significantly  up-  or  down- 
re  g  ill  a  1  ed  i  n  establi  shed  PTS  D  cases,  su  ggest  i  ng  t  li at  t  he  e  x  p  ress  ion 
levels  of  these  genes  simply  signify  a  risk  state  but  do  not  necessarily 
bear  on  the  presentation  of  the  disorder  once  trauma  has  been 
experienced.  Our  results  must  be  validated  using  another  more 
sensitive  mRNA-quantification  technique  such  as  qRT-PCR,  but 
beyond  this,  replication  in  other  well -powered  longitudinal  studies 
of  subjects  al  high  risk  for  trauma  will  prove  crucial  for  more 
definitively  implicating  particular  genes  as  risk  indicators. 

The  present  pilot  study  broadens  the  search  for  pre-deployment 
biomarkers  for  PTSD  vulnerability  beyond  that  of  previous  work 
[e.g.,  van  Zuiden  et  al.,  201 2].  To  our  knowledge,  this  was  the  first 
study  to  search  transcriptome-widc  for  patterns  of  gene-  and  exon- 
expression  that  distinguished  future  PTSD  cases  from  non- PTSD 
comparison  subjects.  The  present  study  is  also  unique  because  it 
employed  a  data-driven  machine- 1  earning  approach  for  identifying 
the  transcripts  that,  collectively,  were  most  predictive  of  future 
PTSD  status,  many  of  which  had  not  previously  been  associated 
with  PTSD.  Taken  together,  these  two  strategies  are  useful  for 
identifying  exons,  genes,  and  pathways  that  potentially  serve  as 
biomarkers  and  play  a  role  in  the  etiology  of  PTSD,  but  that  may 
have  been  overlooked  by  other  approaches  focusing  on  wdl-estab- 
1 1  shed  ca  nd  ida  te  gen  es. 

This  work  must  be  considered  in  the  context  of  its  limitations. 
Foremost  among  these  may  be  the  observation  of  an  increased  pre- 
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deployment  CAPS  score  among  future  PTSD  cases.  A  closer  exam¬ 
ination  of  this  finding  revealed  that  this  difference  was  driven  by  the 
“  D su  bscale  of  t  lie  C  A  P  S  meas  u  re  y  re.il  ecting  a  n  i  ncreased  repo  rt  i  n  g 
of  symptoms  of  hyper -arousal  among  future  cases.  Because  of  this 
limitation,  it  cannot  be  determined  unequivocally  whether  the 
present  study  has  detected  true  biological  vulnerability,  pre-dinical 
changes  associated  with  PTSD,  or  (more  likely)  some  combination 
of  these  factors.  Conclusions  about  the  origins  oflhe  blood-based 
biomarker  signals  (vulnerability  vs,  preclLnical  state)  could  be 
strengthened  in  future  studies  by  controlling  for  the  severity  of 
p  nor  t  ra  uma  ex  posure,  or  better  yet,  by  exam  in  ing  pre-deployment 
gene  expression  in  trauma- naive  subjects.  Nevertheless,  we  main¬ 
tain  that  the  design  of  our  study  lends  itself  to  the  potential 
development  of  a  predictive  biomarker  with  some  clinical  utility; 
one  that  potentially  can  be  used  to  determine  who  is  at  increased  risk 
for  emergent  PTSD  among  a  group  of  real-world  service  members 
who  will  undoubtedly  have  mixed  and  incomplete  records  of 
trauma  exposure  and  may  even  manifest  signs  of  pre-dinical 
disorder. 

Regardless  of  the  preliminary  state  of  our  conclusions  regarding 
individual  genes,  our  work  makes  dear  that  genes  involved  m 
cellular  immunity  are  reliably  and  disproportionately  represented 
among  those  that  are  dysregulated  (mostly  up-regulated)  in  our 
sample  of  eventual  PTSD  cases.  This  finding  is  consistent  with 
evidence  for  dysfunctional  cellular  immune  processes  in  individu¬ 
als  with  PTSD,  which  we  recently  reviewed  in  depth  (Baker 
et  ah,  201 2b | ,  Our  review  of  the  collective  evidence  suggests  that 
systemic  inflammation  and  deleterious  health  consequences  in 
PTSD  are  strongly  linked.  Given  this  evidence,  treatment  strategies 
to  reduce  inflammation  that  target  biobehavioral  factors  may  be  of 
value  to  pursue. 

In  conclusion,  as  the  development  of  PTSD  following  initial 
trauma  exposure  is  quite  variable  and  unpredictable*  we  sought  to 
identify  readily  assessable  biomarkers  of  risk  and  resilience  based  on 
evaluations  of  blood-based  gene  expression  among  soon- to-be- 
deployed  Marines  participating  in  the  MRS.  Our  analyses  con¬ 
verged  on  the  immune-system  as  the  most  reliably  dysregulated 
biological  process  characterizing  high-risk  individuals;  however, 
numerous  other  genes  not  strictly  related  to  cellular  immunity  also 
appear  to  be  differentially  expressed  at  baseline  in  individuals  who 
develop  PTSD,  and  these  genes  contribute  much  to  our  blood- 
based  prediction  models  of  the  disorder's  emergence.  If  biomarkers 
related  to  PTSD  risk  and  resilience  (such  as  the  panels  of  genes  and 
exons  identified  here)  can  be  validated  in  additional  cohorts  and 
prospective  studies,  they  may  help  to  confidently  identify  which 
individuals  arc  at  the  highest  risk  in  real-world  scenarios.  These 
efforts  may  lead  to  more  effective  primary  prevention  protocols, 
which  would  be  particularly  important  in  groups  such  as  these 
Marines  for  whom  it  is  known  in  advance  that  exposure  to  serious 
trauma  is  highly  likely.  This  may  also  prove  highly  relevant  for  first- 
responders,  such  as  police,  fire,  and  emergency  medical  teams,  for 
whom  a  regular  part  of  their  job  is  also  exposure  to  potentially 
traumatic  situations,  further  work  correlating  pre-  and  post- 
deployment  differences  in  gene  expression  among  PTSD  cases 
and  unaffected  comparison  subjects  would  also  constitute  a  major 
advance  in  the  effort  to  identify  the  biological  mechanisms  of  this 
disorder  and  potentially  develop  diagnostic  biomarkers  that  can 


serve  as  useful  adjuncts  to  the  prevailing  gold-standard  behavioral 
diagnostic  systems  [B rewin  et  al.,  2000;  Gzer  et  ah,  2003], 
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IMPORTANCE  Whether  traumatic  brain  injury  (TBl)  is  a  risk  factor  for  posttraumatic  stress  iamaosychiatry  con 

disorder  (PTSD)  has  been  difficult  to  determine  because  of  the  prevalence  of  comorbid 
conditions,  overlapping  symptoms,  and  cross-sectional  samples. 

OBJECTIVE  To  examine  the  extent  to  which  self-reported  predeployment  and 
deployment- related  TBl  confers  in  creased  risk  of  PTSD  when  accounting  for  combat  intensity 
and  predeployment  mental  health  symptom s. 

DE5IGN,  SETTING.  AND  PARTICIPANTS  As  part  of  the  prospective,  longitudinal  Marine 
Resiliency  Study  (June  2008  to  May  2012)r  structured  clinical  interviews  and  self-report 
assessments  were  administered  approximately  I  month  before  a  7  month  deployment  to  Iraq 
ot  Afghanistan  and  again  3  to  6  months  after  deployment.  The  study  was  conducted  at 
training  areas  on  a  Marine  Corps  base  in  southern  California  or  at  Veterans  Affairs  San  Diego 
Medical  Center  Participants  for  the  final  analytic  sample  were  1648  active-duty  Marine  and 
JSIavy  servicemen  who  completed  predeployment  and  postdeployment  assessments. 

Reasons  for  exclusions  were  nondeploy  ment  (n  =  34),  missing  data  (n  -  181),  and  rank  of 
noncommissioned  and  commissioned  officers  (n  ~  66). 


MAIN  OUTCOMES  AND  MEASURES  The  primary  outcome  was  the  total  score  on  the 
Clinician -Administered  PTSD  Scale  (CAPS)  3  months  after  deployment. 

results  At  the  pre deployment  assessment,  56.8%  of  the  participants  reported  prior  TBl;  at 
postdeployment  assessment,  19.8%  reported  sustaining  TBl  between  predeployment  and 
postdeployment  assessments  (ie,  deployment-related  TBl).  Approximately  87.2%  of 
deployment-related  TB3s  were  mild;  250  of  287  participants  (87.1%)  who  reported 
posttraumatic  amnesia  reported  less  than  24  hours  of  posttraumatic  amnesia  (37  reported 
-24  hours),  and  111  of  117  of  those  who  lost  consciousness  (94.9%)  reported  less  than  30 
minutes  of  unconsciousness.  Predeployment  CAPS  score  and  combat  intensity  score  raised 
predicted  3-month  postdeployment  CAPS  scores  by  factors  of  102  (P  <  001;  95%  Cl, 

1  02-1 02)  and  1,02  (P  <  .001;  95%  Cl,  1.01-1.02)  per  unit  increase,  respectively 
Deployment-related  mild  TBl  raised  predicted  CAPS  scores  by  a  factor  of  123  (P  <  .001;  95% 
Cl,  1.1 1-136) .  and  moderate/severe  TBl  raised  predicted  scores  by  a  factor  of  1,71  (P  <  .001; 
95%  Cl,  1.37-2.12).  Probability  of  PTSD  was  highest  for  participants  with  severe 
predeployment  symptoms,  high  combat  Intensity,  and  deployment- related  TBL  Traumatic 
brain  injury  doubled  or  nearly  doubled  the  PTSD  rales  for  participants  with  less  severe 
predeployment  PT5D  symptoms. 

conclusions  and  relevance  Even  when  accounting  for  predepfoyment  symptoms,  prior 
TBl.  and  combat  intensity,  TBl  during  the  most  recent  deployment  is  the  strongest  predictor 
of  postdeployment  PTSD  symptoms. 
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TBI  and  PTSD  in  Active ‘Duly  Marines 


Traumatic  brain  injury  (TBI)  is  common.  According  to  a 
2010  Centers  for  Disease  Control  and  Prevention  report,1 
at  least  1.7  million  Americans  annually  sustain  TBI.  A 
significant  number  of  injury  survivors  join  more  than  5  mil¬ 
lion  (approximately  2%)  Americans  already  living  with  TBI 
related  disabilities,  which  comprise  a  wide  range  of  medical, 
cognitive,  emotional,  and  behavioral  impairments.' -i The  es¬ 
timated  economic  burden  of  TBI  in  Lhe  United  States  In  2000, 
prior  to  initiation  of  the  Iraq  and  Afghanistan  conflicts,  was  ap¬ 
proximately  $60  billion  annually;1 

Pervasive  use  of  improvised  explosive  devices  (lEDs), 
rocket -propelled  grenades,  and  land  mines  in  the  Iraq  and  Af¬ 
ghanistan  theaters  has  brought  TBI  and  its  effect  on  health  out¬ 
comes  into  public  awareness,5-7  Blast  injuries  have  been 
deemed  signature  wounds  of  these  conflicts,  with  an  esti¬ 
mated  52%  of  deployment-related  TBI  cases  caused  by  IEDs>* 
Of  Operations  Enduring  Freedom,  Iraqi  Freedom,  and  New 
Dawn  service  members,  approximately  10%  to  20%  reported 
mild  TBI  or  concussion,  and  nearly  60%  of  those  reported  ex¬ 
posure  to  more  than  1  blast9'1* 

War- related  TBI  is  not  new,  having  become  prevalent  dur¬ 
ing  World  War  I  and  remaining  medically  relevant  in  World  War 
IT  and  beyond. 15,1,1  Medicine’s  past  attempts  to  disentangle  the 
pathophysiology  of  war- related  TBI  parallels  current  lines  of  in¬ 
quiry  and  highlights  limitations  in  methods  and  attribution  of 
the  cause  of  symptoms*  be  it  organic,  psychological,  or 
behavioral.11  Thus  far*  cross-sectional  data  from  the  Opera¬ 
tions  Enduring  Freedom,  Iraqi  Freedom,  and  New  Dawn  con¬ 
flicts  reveal  significantly  higher  rates  of  psychiatric  symp¬ 
toms,  including  posltraumatic  stress  disorder  (PTSD),  in 
deployed  thaji  ip  nondeployed  service  members," Q  ,! s*lfi  More¬ 
over,  self-reported  TBI  and  PTSD  symptoms  show  consider¬ 
able  overlap,17  Symptoms  of  PTSD  are  reported  at  approxi¬ 
mately  double  the  rate  by  service  members  who  show  positive 
results  on  screening  for  mild  TBI  in  comparison  with  those  who 
report  no  TBI.91*  These  cross -sectional  studies  limit  causal  in¬ 
ference  and  stress  the  need  for  longitudinal  data  to  define  fur¬ 
ther  the  contribution  of  war-related  TBI  to  PTSD,  Usingdata  from 
the  Marine  Resiliency  Study,  a  prospective,  longitudinal  study 
of  infantry  Marines,19  we  examined  whether  deployment 
related  TBI  predicts  PTSD  symptom  severity  when  accounting 
for  combat  intensity  and  predeployment  characteristics. 


Methods 

Study  Design  and  Participants 

We  extracted  data  from  a  longitudinal  study  of  2600  active- 
duty  Marine  and  Navy  servicemen  from  4  infantry  battalions 
of  the  First  Marine  Division  stationed  in  southern  California,  As¬ 
sessments  were  conducted  between  July  14, 2008,  and  May  24, 
2012,  and  were  centered  on  the  deployments  of  each  battalion. 
Servicemen  were  evaluated  approximately  1  month  before  a 
7-month  deployment  to  Iraq  or  Afghanistan,  1  week  after  de¬ 
ployment,  and  3  and  6  months  after  deployment.  For  this  study* 
we  used  data  collected  at  predeployment,  as  well  as  I  week  and 
3  months  after  deployment.  Data  from  Lhe  6~month  postde¬ 
ployment  evaluation  were  not  analyzed  because  of  re  d  need  fol¬ 


low-up  rates.  This  study  was  approved  by  the  institutional  re¬ 
view  boards  of  the  University  of  California,  San  Diego;  Lhe 
Veterans  Affairs  San  Diego  Research  Service;  and  the  Naval 
Heal  tli  Resear  di  Center  (Uni  versify  of  California,  San  Diego,  and 
Veterans  Affairs  San  Diego  Research  Service  approval  070533), 
and  written  informed  consent  was  obtained  from  all 
participants. Vt  Participants  received  financial  compensation  for 
each  study  visit  in  which  a  blood  draw  occuned  (ie,  predeploy* 
ment,  3- months,  and  6- months  postdeployment). 

The  Figure  shows  the  sampling  composition  and  exclu¬ 
sions.  Of  the  2600  servicemen  assessed  at  predeployment,  34 
did  not  deploy  and  were  excluded  a  priori  as  well  as  66  offi¬ 
cers  who  were  significantly  older  (P  <  .001)  and  had  lower  Com¬ 
bat  Experience  Scale  (CES)  scores  (P  <  ,001 )  t  ban  en  listed  par¬ 
ticipants.  Forty- five  of  tbe  66  officers  (68%)  were  missing 
cognitive  ability  scores  on  a  military  enlistment  test  (Armed 
Forces  Qualification  Test  f  AFQTl),  an  important  variable  as¬ 
sociated  with  resilience.2'1  The  32%  of  officers  with  available 
A  FQT  scores  scored  significantly  higher  than  cu  rrent  en  I  isted 
participants  (P  <  .001).  Of  the  remaining  2 500  individuals,  1829 
completed  the  3-month  post  deployment  assessment.  Of  these, 
18I  were  excluded  for  missing  data  on  measures  used  in  the 
present  analysis^  The  final  analytic  sample  included  164S 
participants. 

Measures 

Complete  Marine  Resiliency  Study  methods  are  described 
elsewhere. Measures  relevant  to  the  present  study  are  de* 
scribed  here.  Post  trauma  tic  stress  symptoms  were  assessed 
using  the  Clinician-Administered  PTSD  Scale  (CAPS)r'  a  17- 
ilem  criterion  standard,  structured  diagnostic  interview  de¬ 
veloped  by  the  National  Center  for  PTSD  administered  be¬ 
fore  deploymen  t  and  3  months  after  deployment.  We  captured 


Figure,  Flowchart 
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the  worst  lifetime  event  in  2351  of  the  26OQ  serv  icemen  (904%) 
assessed  at  predeployment,  interrater  reliability  for  the  CAPS 
total  score  was  high  (intraclass  correlation  coefficient,  0,99).*  * 
Our  outcome  variable  wa^rnonth  postdeployment  CAPS  total 
score  (possible  range,  0-136),  with  higher  scores  indicating 
greater  symptom  severity.  Rosttra  lunatic  stress  disorder  was 
defined  as  a  score  of  65  or  greater,2*  partial  PTSD  as  scores  of 
40  to  64 1  healthy/minimally  symptomatic  as  scores  of  1  to  39, 
and  no  symptoms  as  a  score  of  0c3 

We  inquired  via  face-to-face  interview  about  any  lifetime 
head  injuries  sustained  before  the  index  deployment  and  in¬ 
juries  sustained  between  the  predeployment  and  3-month  post- 
deployment  assessments.  Participants  were  asked  whether 
they  sustained  a  head  injury  from  a  blast  or  explosion,  vehicu¬ 
lar  accident,  fragment  or  bullet  wound  above  the  shoulder*  fall, 
blunt  object*  being  rendered  unconscious  by  another  person, 
or  by  any  other  means.  Probable  TBI  was  any  head  injury  re¬ 
sulting  in  self-reported  loss  of  consciousness  (LOC)  or  altered 
mental  status  (ie*  dazed,  confused*  “seeing  stars  ”  and/or  post- 
traumatic  amnesia  [PTAJ)  immediately  afterward  or  upon  re¬ 
gaining  consciousness. The  time  between  predeploy¬ 
ment  and  postdeployment  assessments  was  broader  than  the 
deployment;  thus*  nondeployment  TBls  sustained  between  as¬ 
sessment  dates  were  included  in  analyses  to  account  for  po¬ 
tential  effects  on  PTSD  symptoms,29  For  parsimony,  we  la¬ 
beled  all  TBls  experienced  between  predeployment  and 
postdeployment  assessments  as  deployment -related  TBI.  re- 
alizi  ng  that  few  were  experienced  outside  of  deploymen  t  and 
that  some  TBls  experienced  before  the  study's  predeploy¬ 
ment  assessment  were  acquired  during  a  prior  deployment. 

Combat  intensity  was  measured  using  a  modified  16- 
item,  5 -point  Likert  version  of  the  Deployment  Risk  and  Re¬ 
silience  Inventory  ia31  CES.  The  CES  was  administered  during 
a  brief  session  conducted  1  week  after  deployment.  Response 
items  ranged  from  0( never)  to  4  (daily  or  almost  daily)  and  were 
summed  to  yield  a  total  score.  Possible  total  CES  scores  range 
from  0  to  64,  with  higher  total  scores  indicating  more  intense 
combat. 

The  AFQT*20  a  m  ilitary  enlistment  aptitude  test  of  gen¬ 
eral  cognitive  ability,  has  been  negatively  associated  with  PTSD 
outcomes, w  The  AFQT  scores  were  obtained  from  the  Career 
History  Archival  Medical  and  Personnel  System  database  main¬ 
tained  by  the  Naval  Health  Research  Center  and  were  in¬ 
cluded  as  a  covari  ate  along  with  battalion*  age*  and  rank*  Self- 
reported  race  and  ethnicity  have  been  shown  to  vary  with  PTSD 
and  were  also  entered  as  covariates.33,34 

Statistical  Analysis 

All  continuous  predictors*  except  predeployment  CAPS  scores, 
were  centered  before  analysis.  A  priori  x7  tests  showed  battal¬ 
ion  differences  in  deployment  and  TBI  characteristics  (Supple¬ 
ment  IeTable  i])+  We  corrected  For  these  and  other  unknown 
battalion  di  fTerences*  such  as  training  schedules*  riming  ofas- 
sessments,  group  leadership*  and  cohesion*  by  including  bat¬ 
talion  as  a  covariate.  Battalion.  TBI,  race,  and  ethnicity  were 
dummy-coded  with  the  following  reference  groups:  battal¬ 
ion  l*  no  TBI,  white*  and  non -Hispanic,  Analyses  were  con¬ 
ducted  using  statistical  software  package  R*  version  2.15.3*^ 


Predeployment  differences  between  participants  in  the  fi¬ 
nal  sample  and  nonpartici  pants  fie,  servicemen  assessed  at  pre- 
deployment  only  or  excluded  otherwise?  were  tested  using  a 
paired*  2-tailed  ( test,  exact  conditional  test  of  proportions*  or 
X:|,  as  appropriate.  Differences  in  predeployment  CAPS  scores 
were  analyzed  using  zero -inflated  negative  binomial  regres¬ 
sion  (ZLNBR)  because  of  overdispersion. 

The  CAPS  outcome  scores  were  positively  skewed*  over- 
dispersed,  and  had  an  excess  of  zero  scores  (Supplement  [eFig- 
ure]).  Zero -inflated  negative  binomial  regression  was  the  best- 
fitting  model36  for  our  data  (Supplement  feAppendix  and 
eTablezl)  and  was  used  to  test  effects  of  predeployment  PTSD 
symptoms*  combat  intensity*  and  prior  and  deployment - 
related  TBI  on  3-month  postdeployment  PTSD  symptoms.  The 
Z1NBR  model  accounts  for  a  positively  skewed  integer- 
valued  distribution  with  a  high  proportion  of  zero  scores.37  This 
model  assumes  that  our  sample  contains  a  mixture  of  partici¬ 
pants  whose  CAPS  out  co  me  scu  res  are  gene  rated  by  the  stan¬ 
dard  negative  binomial  distribution  and  those  who  have  zero 
probability  of  a  CAPS  outcome  score  greater  than  zero  (eg.  re¬ 
sulting  from  nontrau  marie  CAPS  event  and  possible  genetic  or 
biological  resilience).  An  observed  CAPS  score  of  zero  could 
come  from  either  group.  Zero-inflated  negative  binomial  re¬ 
gression  uses  maximum  likelihood  to  model  outcomes  via  2 
component  models:  logistic  regression  (the  zero  model)  pre¬ 
dicts  the  probability  of  a  CAPS  outcome  score  of  zero*  and  nega¬ 
tive  binomial  regression  (the  count  model)  predicts  change  in 
CAPS  score.  Throughout  this  article  we  refer  to  predicting  the 
odds  of  a  zero  vs  nonzero  outcome  as  the  zero  model  and  pre¬ 
dicting  nonzero  outcomes  as  the  count  model. 

Model  estimates  and  predeployment  symptom  severity, 
combat  intensity*  and  TBI  were  used  to  predict  postdcploy- 
mem  symptom  severity.  Additional  Z1NBR  mod  els  assessed  the 
effects  of  TBI  -related  attributes*  i  nclud  mg  injury  severity  (m  ild 
vs  moderate/severe),  time  since  most  recent  TBI*  single  vs  mul¬ 
tiple  deployment- re  la  ted  TBls*  and  group  comparisons  among 
deployment -related  TBls  with  LOC*  TBI  without  LOC*  and  no 
deployment-related  TBL 


Resutts 

Sample  Characteristics 

Predeployment  sample  characteristics  were  similar  to  demo¬ 
graphics  of  other  deployed  service  members  (Table  Par¬ 

ticipants  were  younger  (mean  [SD]  age*  224  1 3.33  vs  23.0  [34] 
years),  more  likely  to  be  junior  enlisted  (74.1%  vs  62.2%)*  and 
were  less  likely  to  have  had  prior  deployments  (45TJ%  vs  62,0%) 
com  pared  with  nonparricipants,  Approximately  31,8%  of  par¬ 
ticipants  were  married.  Participants  had  lower  childhood 
trauma  scores  (39, S  [13.2J  v$  41*6  [i4*B|),  and  better  prede¬ 
ployment  12- item  Short -Form  Health  Survey  physical  health 
component  scores  (53-9  I6.3I  vs  52.6  f6.3])  than  non  partici¬ 
pants.  Participants  and  nonpartidpants  did  not  differ  signifi¬ 
cantly  in  other  demographic  and  predeployment  factors* 
Including  AFQT  scores*  depression*  anxiety*  CAPS  scores* 
12-item  Short-Form  Health  Survey  mental  health  scores,  and 
predeployment  TBI  rates. 
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Table  I,  Comparisons  of  Predepbyment  Characteristics  Between  participants  and  Nonpartidpants 


Predeploymerit  Characteristic 

Monparticipants 
{n  =  S52)s 

Participants 
(n  =  1643) 

P  Value 

Age,  mean  (SD),y 

23  0  (3.4) 

22  4  (3,3) 

<001 

Race/ethnirity, 

Hispanic 

25.7 

22.6 

.10 

While 

82,3 

84.9 

.13 

Educational  level  <hlgh  school.  % 

67,4 

69.  S 

,27 

Married,  % 

40  7 

31.8 

<001 

Years  in  military  service,  mean  (SO) 

3.3  (2,6) 

2,7  (2.7) 

<.001 

Rank  E1-E3  vs  E4-E9.  % 

622 

74.1 

<.001 

Prior  deployment,  % 

62,0 

45,3 

<,001 

Prior  TGI.  % 

52,8 

56,8 

.06 

Assessment  scale  scores,  mean  (SO) 

AFQT 

58,1  (13,1) 

59.8  (19.2) 

.07 

Childhood  trauma 

41,6(14.8) 

39,8(13,2) 

,003 

SF-1 2  mental  health 

49,0  (9,4) 

49.64  (8.7) 

,14 

SF-12  physical  health 

52,6  (6,S) 

53,9  (6.3) 

<,001 

CAP$L 

15,6(16,6) 

14.9(14.8) 

,38 

Beck  Anxiety  Index  Scale1* 

7  ,2  (8.6) 

6.B  (7,6) 

,35 

Beck  Depression  Inventory  Scale” 

6.8  (8.2) 

6.6  (7.5) 

,69 

Abbreviations,  AFQT.  Armed  Forces  Qualification  Test,  CAPS,  Clinician 
Administered  PT5D  fposttraumatic  stress  disorder]  Scale,  ET-E3,  Junior  enlisted, 
E4-E9,  senior  enlisted,  SF42, 12-item  5hort-Fonn  Health  Survey,  TBI,  traumatic 
brain  injury. 

11  Wonpartfcipants  were  defined  as  enlisted  servicemen  who  deployed  but 
completed  only  the  predeployment  assessment  or  were  missing  data  required 
for  the  final  model, 

*  African  Americans  constituted  approximately  4.3%  of  participants  and  17%  of 
nonparticipants. 


'  Predeployment  CAPS  median  score  (interquartile  range  [IQR])  was  11  (21  -  3  = 
IB)  for  non  participants  and  11  (21  -  4  - 17)  For  participants. 
dBeck  Anxiety  Index  median  score  (IQR)  was  4  (11  -1^10)  for  noriparticipants 
and  4  (10  - 1  -  9)  for  participants 

*  Beck  Depression  Inventory  median  score  (IQR)  was  4  (10  -  1  =  9)  for  both 
nonparticipants  and  participants, 


Table  2  reports  the  final  sample  character!  sties,  OF  the  tot  a) 
number  oF respondents,  56,8%  reported  probable  TBl  before 
the  index  (ie,  most  recent)  deployment.  At  the  3- month  post- 
deployment  assessment,  40  of  the  participants  {24%)  had  CAPS 
scores  of  65  or  more,  and  327  individuals  09,3%)  reported  sus¬ 
taining  TBl  after  predeployment,  with  295  (17-9%)  report!  ng  FBI 
during  the  index  deployment.  Of  the  32  participants  repott¬ 
ing  nondeployment  TBl  between  pre deployment  and  3- month 
postdeployment  assessments,  2  sustained  TBi  after  prede- 
ploy  ment  but  before  the  index  deployment,  and  24  sustained 
TBi  after  their  index  deployment  but  before  their  follow-up  as¬ 
sessment;  the  event  timing  of  6  TBIs  could  not  be  verified. 
There  were  nosignificantdifferencesbeiween  deployment  TBl 
and  nondeployment  TBl  sustained  between  predeploy ment 
and  postdeployment  on  model  outcomes;  thus,  nondeploy¬ 
ment  TBIs  were  included  in  the  main  a  nalysis.  Mean  time  since 
most  recent  TBl  was  200  (126)  days.  Oft  he  327  individuals  who 
sustained  TBI  after  the  predeployment  assessment,  112  par¬ 
ticipants  (343%)  reported  more  than  i  TBh  and  2S5  TBIs  (87-2%) 
were  categorized  as  probably  mild*9;  208  of  327  individuals 
(63-6%)  reported  alteration  of  consciousness  without  LOG,  250 
of  287  (S7T%)  who  reported  PTA  indicated  less  than  24  hours 
of  PTA  (37  repotted  >24  hours),  and  ill  of  117  participants 
(94-9%)  who  lost  consciousness  reported  less  than  30  min¬ 
utes  of  LOG.  Severit  y  of  4  TBIs  (!.2%)  was  unknown,  partici¬ 
pants  who  sustained  TBI  after  the  piedeploymenl  assess- 
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ment  were  more  likely  than  others  to  have  had  prior  TBI  and 
reported  more  severe  predeployment  PTSD  symptoms  and 
greater  combat  intensity  during  their  index  deployment. 

Zero- Inflated  Negative  Binomial  Regression 
Results ofZINBK  are  reported  in  Tables,  A  significant  main  ef¬ 
fect  reflected  a  predictor's  association  with  postdeployment 
CAPS  scores  given  a  predeployment  CAPS  score  of  zero,  mean 
scores  on  all  other  continuous  predictors,  and  reference  group 
membership  for  categorical  predictors.  Significant  interac¬ 
tions  out  of  all  possible  tested  are  reported. 

Zero  Model;  Predicting  Absence  of  PTSD  Symptoms 
logistic  regression  was  used  to  predict  probability  of  a  3-month 
postdeployment  CAPS  score  of  zero.  Coefficients  were  expo¬ 
nentiated  and  interpreted  as  odds  of  a  zero  CAPS  score.  The 
zero  model  intercept  reflects  a  274%  base  probability  of  hav¬ 
ing  a  postdeployment  CAPS  score  of  zero  given  the  partici¬ 
pant  was  white*  non -Hispanic,  from  battalion  1*  had  no  pre 
deployment  or  deployment  TBI.  had  a  predeployment  CAPS 
score  of  zero*  and  had  average  scores  on  ah  other  continuous 
predictors. 

For  the  zero  model,  deployment-related  TBIs  were  col¬ 
lapsed  across  severity  because  the  smalt  number  of  moderate/ 
severe  TBIs  caused  problems  with  model  convergence.  Unit 
increases  in  predeployment  CAPS  scores  decreased  the  odds 
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Table  2.  Descriptive  Statistics  for  Participants  Reporting  TBl  vs  No  TBl  Sustained  After  Predeployment  Assessment 

Mean  (SD) 

Characteristic 

No  TBl 
(r»  =  1321) 

TBl 

(n  =  J27)' 

All  Participants 
(N  =  1643) 

Predeployment  variable,  % 

Hispanic 

22.0 

25.1 

22, G 

White 

84.9 

35.0 

84,9 

RankEl-E* 

74.5 

72.2 

74.1 

Prior  TBl 

54.5 

66.1 

56.8 

In  Battalion  1 

15-5 

11.9 

14.8 

Age.y 

22.5  (3,4) 

22,2  (2.8) 

22.4  (3,3) 

AFQT 

60.4  (19.2) 

57.4  (19.3) 

59  8  (19,2) 

CAPS  scoreb 

14.3(14,6) 

17.4(15.2) 

14.9  (14.8) 

Deployment  variable 

Combat  experience  score' 

10,5  (8,7) 

22  A  (13-4) 

12.9  (10.9) 

3 -mo  Redeployment  variable 

CAPS  score  %a 

Asymptomatic,  score  0 

22.3 

4.9 

18.8 

Minimally  symptomatic,  scores  1-39 

70.2 

70.0 

70,2 

Partial  PTSD,  scores  40- 54 

6,1 

18.7 

8.6 

PTSD,  scores  £65 

1.4 

6.4 

2.4 

Abbreviations;  AFQT,  Armed  Forces  Qualification  Test,  CAPS.  Clinician- 
Administered  PTSD  Scale,  EM53,  junior  enlisted;  PTSD,  postiraumattt  stress 
disorder^  TBl,  traumatic  brain  injury, 

*  Qfthe  327  individuals  who  reported  deployment  related  TBl,  285  (877%) 
reported  mild  symptoms;  208  (63.6%)  reported  alteration  without  loss  of 
consciousness,  2S0  of  287  (87.1%)  with  post  traumatic  amnesia  reported  less 
than  24  hours  of  posttraumatit  amnesia,  and  1 11  of  T17  (94.9%)  participants 
who  lost  consciousness  reported  less  than  30  minutes4  loss  of  corse lousness. 
Approximately  34 3%  reported  more  than  1  TBl,  and  mean  (SD)  time  since 

most  recent  TBJ  was  200  (126)  days. 

b  Predeployment  CAPS  median  score  (interquartile  range  [JQR|)  was  10  (20  -  4 
- 16)  for  no  TBl,  74  (25  -  5  =  20)  far  TBl,  and  11(21  -  4  - 17)  for  all  participants. 

k  Combat  experience  median  score  tiQR)  was  8  04  -  4  =  10)  for  no  TBJ,  20  [3?  - 
11  *21)  for  TBl,  and  10  (17  -  5  =  12)  for  all  participants 
*  Postdeployment  CAPS  median  score  (IQR)  was  10  (21  -  2  =  19)  for  m  TBl,  24 
(40  12  -  28)  for  TBL  and  12  (26  -  4  =  22)  for  all  participants. 

of  an  outcome  (ie,  postdeploy  merit)  CAPS  score  of  zero  by  a 
factor  of  o+92  (7.7%;  P  c  .001).  Unit  increases  in  combat  inten¬ 
sity  reduced  the  odds  by  a  factor  of  0,96  (3.6%;  P  <  .001),  Prior 
TBl  reduced  the  odds  of  having  an  outcome  CAPS  score  of  zero 
by  a  factor  of  0,65  (35T>%;  P  <  *01),  and  deployment -related  TBl 
reduced  the  odds  by  a  factor  of  0.14  (66.1%;  P  <  .0]).  There  were 
no  effects  of  TB1  with  vs  without  LOG.  time  since  most  recent 
TBl,  or  single  vs  multiple  deployment 'related  TBl  on  the  ab¬ 
sence  of  postdeployment  symptoms. 

Count  Model;  Predicting  PTSD  Symptom  Seventy 
The  count  model  predicted  the  postdeploy ment  CAPS  scores 
being  generated  from  a  negative  binomial  distribution.  Expo 
nentiated  coefficients  of  the  counts  model  represent  multi¬ 
plicative  change  in  predicted  CAPS  score  per  unit  change  in  a 
given  predictor.  The  intercept  reflects  a  predicted  postdeploy- 
ment  CAPS  score  of  12.54  given  the  participant  was  white,  non- 
Ilis panic,  from  battalion  1,  had  no  TBI,  had  a  predeployment 
CAPS  score  of  zero^  and  had  average  scores  on  all  other  con¬ 
tinuous  predictors. 

Predeployment  CAPS  score  and  combat  intensity  score 
raised  the  predicted  3-month  postdeployment  CAPS  score  by 
factors  of  1.02  (1.9%;  P  <  .QQi)  and  1.02  (1.5%;  P  <  .001)  per  unit 
increase,  respectively.  Prior  (ie,  pre-index  deployment)  TBl 
raised  the  predicted  CAPS  outcome  score  by  a  factor  of  1.0B 
(7.5%),  but  the  effect  was  not  significant  {P  <  .08).  Deploy  ment- 


related  mild  TBJ  raised  the  predicted  CAPS  score  by  a  factor  of 
t.23  (22.6%;  P  *  -001),  and  deployment-related  moderate/ 
severe  TBl  raised  the  predicted  CAPS  score  by  a  factor  of  1,71 
{70.5%;  P  <  .001),  Dividing  the  estimated  coefficients  for  de¬ 
ployment-related  TBJ  by  combat  intensity  yielded  die  equiva¬ 
lent  of  a  14  0- point  increase  in  combat  intensity  for  partici¬ 
pants  reporting  mild  TBl,  and  a  36.6-point  increase  For  those 
reporting  moderate/severe  TBT  There  were  no  effects  of  de¬ 
ployment-related  TBT  with  vs  without  LOG,  time  since  recent 
TBl,  or  single  vs  multiple  TBl  on  postdeployment  symptom 
severity. 

There  was  a  relatively  small  interaction  effect  that  ac¬ 
counted  for  less  than  1%  change  in  3-month  postdeployment 
CAPS  score.  Unit  increases  in  AFQT  increased  the  predicted  CAPS 
score  by  0.8%  {F  <  .001),  but  this  effect  was  reduced  by  roughly 
two-thirds  in  participants  with  predeployment  TBl  (P  <  .02). 

The  overall  effects  of  predeployment  symptoms,  combat  in¬ 
tensity,  and  TBl  on  postdeployment  PTSD  symptoms  were  con¬ 
firmed  using  logistic  regression  to  determine  the  effects  of  the 
same  predictors  as  in  the  final  Z1NBR  model  on  the  categorical 
outcome  of  PTSD  vs  no  PTSD  at  3 -month  postdeployment  as¬ 
sessment  (Supplement  [eMethods,  eResults,  and  eTable  3)). 

Predictions 

Predeployment  CAPS  scores,  combat  intensity,  and  deploy¬ 
ment-related  mild  TBl  were  used  to  predict  the  probability  that 
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Tabled,  Zero-Inflated  Negative  Binomial  Regression  Predicting  Postdeployment  PTSD  Symptoms 

Model 

Variable 

estimate  (SE) 

P  Value 

predicted 
CAPS  Total1 

Ratio  (95%  Cl) 

Count 

(Intercept) 

2*53  (0.06) 

<001 

12.54 

(11.10-14.17) 

Saltation  2 

'0.03  (0.06) 

.65 

0*97  (0,86-1 .00) 

Battalion  3 

-0*05  (0.06) 

,46 

0.96  (0*85-1,08) 

Battalion  4 

0*13  (0.07) 

.06 

1,14(0,10-1  31) 

CAPS  score*  predeploynwrrt 

0.02  (0.00) 

<,001 

1,02(1.02-1*02) 

AFQT 

0.QI  (0.00) 

<.001 

1,01  (1,01-1.01) 

TBIt  {^redeployment 

0.07  (0*04) 

.07 

1.08  (0,99-1.16) 

AFQT  *  TBI*  p redeployment 

-0.0  (0.00) 

.02 

1.00  (0*99-1.00) 

Combat  Experience  Score 

0.01  (0.00) 

<.001 

1,02  (1.01-1*02) 

Mild  TBI*  deployment* 

0.20(0.05) 

<.001 

1.23(1.11-1*36) 

Muderat e/severe  TBI,  deployment 

0,53  (0*11) 

<,001 

1*71  (1.37-2.12) 

Zero 

(Intercept) 

-CU  0  (0.25) 

<,001 

27. 10?S 

(IS. 6094-3 7  69%) 

BaLtalion  2 

0,93  (0*24) 

<001 

2.52(1.60-4  06) 

Battalion  3 

0,63  (0,25) 

,01 

1*87(114-3.07) 

Battalion  4 

0*33(0*29} 

*26 

1.39  (0,79-2*45) 

CAPS  score,  predeployment 

-0*08(0,01) 

<.003 

0.92  (0,90-0.94) 

TBI,  predeployhient 

-0*44  (045) 

.003 

0.64  (0.48-0.86) 

Combat  Experience  Score 

-0*04  (0.01) 

<001 

0,96  (0,94-0,98) 

TBI*  deployment1^ 

-1.08  (0*30) 

<*001 

0*34  (0,19-0. 62) 

Abbreviations.  AFQT  Armed  Forces 
Qualification  Test. 

CAPS,  Clinician-Ad  ministered  PTSD 
Stale*  PTSD.  postt  rauma  tit  stress 
disorder.  TBI,  traumatic  brain  injury. 

J  For  the  zero  model  base  probability 
(%)  of  a  predicted  CAPS  total 
score,  0. 

[J  There  were  no  significant 
differences  between  deployment 
and  nondeptoyment  TBI  sustained 
between  predeployment  and 
postdeployment  assessments 
In  =  32).  Thus,  nondeploy  me  nt  TBI 
was  Included  in  the  analysis  to 
account  lor  any  potential  effects  on 
PTSD  outcomes.2 7 
’  For  the  zero  model, 
deployment- related  TBls  were 
collapsed  across  seventy  because  of 
the  small  number  of 
moderate/severe  TBls  causing 
problems  with  model  convergence. 


3-month  postdeployment  CAPS  scores  would  fall  within  de- 
Fined  symptom  ranges  For  partial  PTSD  and  PTSD  while  hold- 
ingall  other  variables  constant  (Table  4l  Predeployment  CAPS 
scores  used  for  prediction  were  o  (no  symptoms),  19  (healthy/ 
minimally  symptomatic;  range,  l-39)>  52  (partial  PTSD;  range, 
40-64),  and  6 s  (PTSD;  scores  265)-^  Low  and  high  combat  in¬ 
tensity  were  defined  as  CES  scores  of  5  (25th  percentile)  and 
19  (75th  percentile),  respectively. 

Based  on  study  outcomes,  participants  with  no  predeploy- 
men  t  symptoms,  low  combat  intensity,  and  no  deployment- 
related  TBI  were  ascertained  to  have  a  predicted  3’ month  post- 
deployment  CAPS  score  of  7.23,  with  less  than  1%  probability 
of  partial  PTSD  or  PTSD.  Deployment-related  mild  TBI  raised 
the  predicted  CAPS  score  slightly  to  11 45,  with  1.3%  probabil¬ 
ity  of  partial  PTSD. 

Participants  who  were  minimally  symptomatic  before 
deployment  had  low  combat  intensity,  and  those  with  no 
TBI  had  less  than  4%  predicted  probability  of  postdeploy¬ 
ment  partial  PTSD  <3.2%)  and  PTSD  (o.2%).  High  combat 
intensity  increased  predicted  rales  to  6.9%  for  partial  PTSD 
and  oTS%  for  PTSD.  in  addition*  deployment-related  mild 
TBI  pearly  doubled  outcome  rates  to  12.4%  for  partial  PTSD 
and  2,4%  for  PTSD. 

Compared  with  the  minimally  symptomatic  group,  par¬ 
ticipants  whose  predeployment  CAPS  scores  met  the  criteria 
for  partial  PTSD  or  PTSD  had  higher  predicted  probabilities 
of  postdeployment  PTSD  at  3  months,  even  with  low  com¬ 
bat  intensity  Higher  combat  intensity  increased  pre¬ 

dicted  PTSD  rales  for  t  hose  who  reported  partial  symptoms 
before  deployment  (123%)*  and  deployment- related  mild 
TBI  further  increased  predicted  PTSD  rates  for  this  group 
(21.1%). 


Discussion 

As  expected,  both  predeployment  psydiialric symptoms  and 
combat  intensity  significantly  predicted  postdeployment  PTSD 
symptoms.  Predeployment  psychiatric  conditions  have  been 
deemed  a  risk  factor  for  PTSD  and  other  mental  health  prob¬ 
lems  during  deployment.40  Likewise,  prior  psychological 
trauma14 111  and  extensive  combat  exposure1^16  J2'43  may  in¬ 
crease  PTSD  risk  after  combat  deployment. 

Independent  of  tire  above  effects,  TBI  sustained  before  the 
index  deployment  was  associated  with  more  severe  postde¬ 
ployment  PTSD  symptoms*  According  to  our  model  deploy¬ 
ment -related  TBls  nearly  double  the  likelihood  of  postdeploy - 
ment  PTSD  for  participants  who  reported  minimal  to  no 
symptoms  before  deployment*  Probability  of  postdeploy¬ 
ment  PTSD  was  greatest  for  participants  reporting  prior  psy¬ 
chiatric  symptoms  and  deployment-related  TBI*  However,  of 
the  16  participants  with  predeployment  PTSD,  8  considerably 
improved  (postdeployment  CAPS  range,  o-35) and 3  slightly  im¬ 
proved  (range,  50-78),  whereas  3  worsened  (range,  7S-94)  Jn 
contrast  to  those  with  improved  symptoms,  participants  with 
persistent  symptoms  reported  higher  combat  intensity  (mean 
score,  22.7  vs  3*4)  and  2  of  the  3  reported  deployment-related 
TBI*  These  findings  parallel  reported  symptom  trajectories  for 
deployed  service  members  in  which  8%  showed  improve¬ 
ment  in  PTSD  symptoms  and  2*2%  showed  continuation  of  se¬ 
vere  symptoms*'1 1 

Prior  cross-sectional  studies  have  also  reported  associa¬ 
tions  between  TBI  and  PTSD, although  injury  severity  may 
govern  the  association. 47r4R  Higher  morbidity  and  use  of  medi¬ 
cal  services  are  associated  with  severe  TBI  whereas  mental 


£6  JAMA  Psychiatry  Published  online  December  II*  2013  jamapsyctitatrycom 

Copyright  2013  American  Medical  Association,  All  rights  reserved- 


I  limn  loaded  Prom:  liltp://n  rchpsy  cJamanclwork.com/  by  a  University  of  California  -  San  Diego  User  00  12/13/2013 


TBl  and  PTSD  in  Active-Duty  Marines 


Original  Investigation  Research 


Table  4,  Predictions  of  Postdeployment  CAPS  Scores  and  Outcome  Probabilities 


Predeploy  men  t 

Symptom  Severity 
(N  =  1643)" 

Combat 

Intensity11 

Mild 

Deployment 

TBl 

Predicted  Mean 
Postdeptoyment  CAPS  Score 
<9S%  Cl) 

%  Predicted  Probability 
of  Partial  PTSD 
m%t\Y 

%  Predicted  Probability 
or  PTSD 

(95%  ay 

No  symptoms  (n  =  243) 

Low 

No 

7.23  (6,10-8-36) 

038  £0.27-0.51) 

0.01  {0.00-0.02} 

Yes 

11.45  (1038-12,72) 

1,50  (1.28-1,75) 

0,05(0.01-0,10) 

High 

No 

10.29  (9.00-11.58) 

1,35  (1.13-1,58) 

0.04  (0.01-0,09) 

Yes 

143$  (33.9EM6.00) 

3.88(3-51  4.27) 

0.26(0,16-0.36) 

Minimally  symptomatic  (n  =  1233) 

Low 

No 

14.17  (13.43-14,91) 

3.22  (2.87-3,57) 

0,18  {0,10-0.27) 

Yes 

18,63  (18.09-19. IS) 

7,12  (6.63-7.63) 

0.77  (0.61-0,95) 

High 

No 

18.13(17.47-18,80) 

6.93  £6.43-7.43) 

0.75  (0.59-0,93) 

Yes 

23,21  (22.79-23,63) 

12.44  (11.80-13,11) 

2.37  (2.08-2.68) 

Partial  PTSD  (n  =  106) 

Low 

No 

29.40  £29.13-29.67) 

19.01  (18*27-1939) 

6.21  (5*74-6.69) 

Yes 

36.25  (36.05-36,45) 

24.13  (2330-24.96) 

12.35(1172-13*01) 

High 

No 

36,19  (35,96-36.42) 

24,09  (23.25-24.92) 

12.33  (11.70-12.98) 

Yes 

44.52  (44.34-4471) 

27,12  (26.25-27.99) 

21,08  (20,30-21.88) 

PTSD  (n  -  16)'1 

Low 

No 

37.89  £3 7, 68“ 38. 09) 

24.97  (24,10-25,83) 

14,02  (1335-14,96) 

Yes 

46.55  (46.36-4675) 

27,44  (26,57-2832) 

23,27  £22,47-24,11) 

High 

No 

46,54(46.34-46.73) 

27,42  (26,54-23.29) 

23.27  (22.44-24,09) 

Yes 

57-14  (56,95-5733) 

2732  (26,45-2839) 

3436  £33.44-35,29) 

Abbreviations:  CAPS,  Clinician- Administered  PTSD  Scale:  PTSD,  posttraumatic 

stress  disorder:  TBl,  traumatic  brain  injury. 

4  CAPS  scores  used  for  prediction  were  rto  symptoms  (score.  0), 
healtny/minimally  symptomatic  (median  store,  19;  range,  1  39),  partial  PTSD 
{median  scone,  52:  range,  40  64).  and  PTSD  stones  vSS.^ 

h  Low  and  high  combat  intensity  were  Combat  Experience  Scale  scores  5  (25th 
percentile)  and  19  (75th  percentile^  respectively, 

5  Predicted  probability  of  a  continuous  outcome  CAPS  score  dial  falls  within 


defined  symptoms  ranges  for  partial  PTSD  and  PTSD 
fl  Of  the  16  paiticipams  with  p redeployment  PTSD,  8  improved  considerably 
(post deployment  CAPS  range.  0-35)  and  3  improved  slightly  (range,  50-78). 
Symptoms  of  3  worsened  (range.  78-94).  these  participants  Irati  higher 
combat  intensity  (Combat  Experience  Scale  mean  score*  22.7  vs 8.4),  and  2  of 
the  3  sustained  deployment -related  TBl  compared  with  those  whose 
symptoms  improved. 


health  diagnoses,  including  PTSD,  are  more  frequent  in  pa¬ 
tients  with  mild  TBl.5  In  the  present  study,  however,  postde- 
ployment  CAPS  scores  increased  with  TBl  severity.  More  se¬ 
vere  TBl  in  our  participants  may  reflect  more  severe  physical 
injur  y*  which  has  been  shown  to  increase  the  risk  of  PTSD. 
Higher  CAPS  scores  may  also  reflect  nonspecific  symptoms  that 
overlap  with  TBl  sequelae*  Alternatively,  perhaps  the  overall 
contexts  surrounding  severe  TBl  were  more  emotionally  trau¬ 
matic  than  contexts  surrounding  milder  injuries.  Although  we 
adjusted  for  overall  combat  intensity,  that  adjustment  would 
not  account  for  the  characteristics  of  any  particular  traumatic 
event. 

A  possible  contributor  to  the  overlap  of  TBl  and  PTSD 
symptoms  might  be  that  the  emotional  salience  of  the  event 
contiguous  with  TBl  may  exceed  Lhat  of  Lhe  typical  civilian  or 
combat-related  traumatic  event,  t  hereby  increasing  PTSD  risk. 
Structural  and  functional  brain  changes  following  TBl  are  likely 
additional  contributors  to  PTSD  outcomes.  Prefrontal  corti¬ 
cal  networks  implicated  in  PTSD;ri  maybe  damaged  during 
the  course  of  mild  TBl,  consequently  affecting  fear  memory 
processing.53  Correlations  between  white  matter  integrity,  cor¬ 
tical  function,  and  postconcussivc  symptoms  provide  initial 
evidence  that  brain  changes  associated  with  mild  TBl  are  dis¬ 
tinct  from  those  associated  with  PTSD  or  depression.54 -sr  Ul¬ 
timately,  high-resolution  neuroimaging  may  help  to  clarify 
whether  TBl  severity  reflects  neural  tissue  injury  that  im¬ 
pedes  emotional  recovery  from  stressful  events. 

There  is  growing  interest  in  the  persistence  of  postcon- 
cussive  symptoms  and  the  extensive  overlap  with  anxiety 


disorders,  including  PTSD.58^  Brain  injuries  also  have  been 
linked  to  increased  suicidahty,  particularly  for  individuals 
with  comorbid  psychiatric  and  emotional  disturbances, 
such  as  PTSD  and  depression.'"3'61  Comorbidity  of  TBl  and 
PTSD  is  nol  unique  to  deployed  service  members;  motor 
vehicle  accidents  and  interpersonal  assault  are  2  common 
causes  of  TBl  and  PTSD  in  civilians.*4"5*  Furthermore, 
recurrent  TBl  from  contact  sports  has,  as  with  repeated 
blast  exposure,  been  linked  to  greater  mental  health  prob¬ 
lems  and  neurologic  abnormalities/"7^ 

Several  study  limitations  should  be  addressed.  As  in  prior 
studies,  - a'M’,J‘7u  we  used  retrospective  self-report  measures, 
including  TBl  accounts,  which  limit  causa!  inference  and  re¬ 
flect  potentially  inconsistent  documentation  of  in-theater 
events.  Furthermore,  TBt  may  be  a  marker  for  a  traumatic  event 
not  otherwise  captured  by  the  CES* 

In  add  ition,  results  from  the  present  study  may  nol  be  gen- 
erahzable  to  other  populations.  Demographic  differences  be¬ 
tween  participants  and  non  participants  likely  reflect  the  older 
age  and  greater  military  experience  of  non  part  Id  pants,  most 
of  whom  were  lost  to  follow-up,  possibly  re  suiting  from  reas¬ 
signment  or  discharge.  Participation  bias  likely  accounts  for 
mental  and  physical  health  differences  between  participants 
and  non  participants.  Similar  findings  have  been  documented39 
previously  and  have  not  been  shown  to  affect  study  out¬ 
comes*  Finally,  PTSD  symptoms  were  positively  skewed,  and 
CAPS  threshold  scores  for  partial  PTSD  and  PTSD  that  were  vali¬ 
dated  in  civilians  may  be  conservative  for  diagnosis  in  a  mili¬ 
tary  population. 
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Despite  these  limitations,  the  present  study's  prospec¬ 
tive  design  and  inclusion  of  prior  psychological  and  physical 
trauma  are  unique  contributions  to  the  study  of  TBI  and  PTSD, 


Results  suggest  that  deployment-related  TBI  may  be  an  im¬ 
portant  risk  factor  for  PTSD,  particularly  for  individuals  with 
symptoms  related  to  a  prior  traumatic  event. 
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Summary 

Background;  Research  on  the  etiology  of  post- traumatic  stress  disorder  (PTSD)  has  rapidly 
matured,  moving  from  candidate  gene  studies  to  interrogation  of  the  entire  human  genome 
in  genome- wide  association  studies  (GWAS),  Here  we  present  the  results  of  a  GWAS  per¬ 
formed  on  samples  from  combat-exposed  IX  S,  Marines  and  Sailors  from  the  Marine  Resiliency 
Study  (MRS)  scheduled  for  deployment  to  Iraq  and/or  Afghanistan.  The  MRS  is  a  large, 
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prospective  study  with  longitudinal  follow-up  designed  to  identify  risk  and  resiliency  factors  for 
combat -induced  stress -re  l  a  ted  symptoms.  Previously  implicated  PTSD  risk  loci  from  the  literature 
and  polygenic  risk  scores  across  psychiatric  disorders  were  also  evaluated  in  the  MRS  cohort. 
Methods;  Participants  =  3494)  were  assessed  using  the  Clinician- Administered  PTSD  Scale  and 
diagnosed  using  the  OSM-W  diagnostic  criterion.  Subjects  with  partial  and/or  full  PTSD  diagno¬ 
sis  were  called  casesT  all  other  subjects  were  designated  controls,  and  study-wide  maximum 
CAPS  scores  were  used  for  longitudinal  assessments.  Genomic  DNA  was  genotype d  on  the  lllu- 
mina  HumanOmniExpressExome  array.  Individual  genetic  ancestry  was  determined  by  supervised 
cluster  analysis  for  subjects  of  European,  African,  Hispanic /Native  American,  and  other  descent. 
To  test  for  association  of  SNPs  with  PTSD,  logistic  regressions  were  performed  within  each  ances¬ 
try  group  and  results  were  combined  in  meta-analyses.  Measures  of  childhood  and  adult  trauma 
were  included  to  test  for  gene- by- environment  (GxE)  interactions.  Polygenic  risk  scores  from  the 
Psychiatric  Genomic  Consortium  were  used  for  major  depressive  disorder  (MOD)  ,  bipolar  disorder 
(BPD),  and  schizophrenia  (SCZ), 

ffesutts:  The  array  produced  >800  K  directly  genotyped  and  >21  M  imputed  markers  in  3494  unre¬ 
lated,  trauma-exposed  males,  of  which  940  were  diagnosed  with  partial  or  full  PTSD.  The  GWAS 
meta -analysis  identified  the  phosphoribosyl  transferase  domain  containing  1  gene  (PffTHJCf)  as 
a  genome-wide  significant  PTSD  locus  (r$6482463;  OR  - 1.47*  SE  =  0.06,  p  =  2.G4x  10  9),  with  a 
similar  effect  across  ancestry  groups.  Association  of  PRTFDC  1  with  PTSD  in  an  independent  mili¬ 
tary  cohort  showed  some  evidence  for  replication.  Loci  with  suggestive  evidence  of  association 
(n  =  25  genes,  p  <  5  x  10  6 )  further  implicated  genes  related  to  immune  response  and  the  ubiqui- 
tin  system,  but  these  findings  remain  to  be  replicated  in  larger  GWASs,  A  replication  analysis  of 
25  putative  PTSD  genes  from  the  literature  found  nominally  significant  SNPs  for  the  majority  of 
these  genes*  but  associations  did  not  remain  significant  after  correction  for  multiple  comparison. 
A  cross-disorder  analysis  of  polygenic  risk  scores  from  GWASs  of  BPD,  MDD,  and  SCZ  found  that 
PTSD  diagnosis  was  associated  with  risk  sores  of  BPD,  but  not  with  MDD  or  SCZ. 

Conclusions:  This  first  multi-ethnic /racial  GWAS  of  PTSD  highlights  the  potential  to  increase 
power  through  meta-analyses  across  ancestry  groups.  We  found  evidence  for  PRTFDC 1  as  a  poten¬ 
tial  novel  PTSD  gene,  a  finding  that  awaits  further  replication.  Our  findings  indicate  that  the 
genetic  architecture  of  PTSD  may  be  determined  by  many  SNPs  with  small  effects,  and  overlap 
with  other  neuro psychiatric  disorders*  consistent  with  current  findings  from  large  GWAS  of  other 
psychiatric  disorders. 

©2014  Published  by  Elsevier  Ltd. 


1.  Introduction 

Post-traumatic  stress  disorder  (PTSD)  is  an  anxiety  disor¬ 
der  and  unique  in  that  exposure  to  an  environmental  event 
(Criterion- A  traumatic  event;  APA.  2000)  is  a  necessary  con¬ 
dition  for  diagnosis.  Lifetime  prevalence  is  --8%  in  adult 
Americans  (Kessler  et  aL,  1995;  Kilpatrick  et  al.,  2013)  and 
is  especially  high  among  those  exposed  to  combat,  with  val¬ 
ues  ranging  from  6%  to  31%  as  reported  in  a  recent  review  of 
studies  on  US  combat  veterans  (Richardson  et  at.*  2010).  A 
large  number  of  demographic  and  environmental  factors  and 
their  interactions  contribute  to  PTSD  susceptibility,  includ¬ 
ing  female  gender,  age,  existence  of  previous  mental  health 
issues,  early  life  stress,  as  well  as  severity*  duration  and 
number  of  traumatic  incidents,  and  other  factors  such  as 
lack  of  social  support  (Zoladz  and  Diamond,  2013),  Notably, 
there  are  race/ethnic  differences  in  traumatic  event  expo¬ 
sure,  in  type  of  event,  age  at  exposure,  as  well  as  the 
development  of  PTSD  given  a  specific  trauma*  with  African 
Americans  having  somewhat  higher  risks  than  whites  and 
Asians  (Roberts  et  al.*  2010). 

Jn  addition,  individual  differences  in  heritable  factors 
affect  the  risk  to  develop  PTSD.  Twin  studies  indicate  that 
PTSD  is  moderately  heritable,  with  genetic  factors  explain¬ 
ing  a  substantial  proportion  (30-46%)  of  vulnerability 


to  PTSD  (reviewed  e.g.  in  Wolf  et  al.*  2013).  Remaining 
variance  is  attributable  to  the  non-shared  environment, 
including  trauma  encountered  during  war  zone  deploy¬ 
ments.  For  some,  combat  exposure  acts  as  a  catalyst  that 
augments  the  impact  of  hereditary  and  environmental 
contributions  to  PTSD  (Wolf  et  al.*  2013). 

A  targe  proportion  of  the  genetic  liability  for  PTSD  is  also 
shared  with  other  mental  disorders  such  as  anxiety  and  panic 
disorder  (Goenjian  et  al.,  2008),  major  depressive  disorder 
(MDD)  (Fu  et  alM  2007:  Sartor  et  ah,  2012),  and  substance 
use  (Xian  et  al, ,  2000),  hence  genes  that  confer  risk  for  PTSD 
may  also  influence  risk  for  other  psychiatric  disorders  and 
vice  versa  (Nugent  et  al.*  2008).  Such  pleiotropic  effects 
have  been  demonstrated  across  several  psychiatric  disor¬ 
ders  (Solovieff  et  al,.  2013).  For  example*  a  recent  study 
that  examined  schizophrenia  (SCZ),  bipolar  disorder  (BPD), 
MDDt  and  attention-defidt/hyperacttvity  disorder  (ADHD) 
found  that  SNP-based  herrtabUity  ranged  from  17  to  29% 
within  disorders.  Genetic  correlations  between  disorders 
were  also  observed  with  highest  associations  between  SCZ 
and  BPD*  and  moderate  correlations  between  SCZ  and  MDD, 
BPD  and  MDD*  and  ADHD  and  MDD  (Cross-Disorder  Group  of 
the  Psychiatric  Genomics  Consortium,  2013;  Cross-Disorder 
Group  of  the  Psychiatric  Genomics  Consortium  and  Genetic 
Risk  Outcome  of  Psychosis  Consortium.  2013)* 
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Until  recently,  the  genetic  contribution  to  PTSD  has  been 
investigated  largely  via  candidate  gene  association  studies 
(reviewed  in  Atmli  et  at,  2014:  Amstadter  et  aL,  2009; 
Non-holm  and  Ressler,  2009).  Most  research  has  focused 
on:  (1)  the  hypothalamic— pituitary-adrenal  (HPA)  axis, 
(2)  the  ascending  brainstem  locus  coeruleus  noradrener¬ 
gic  system,  and  (3)  the  limbic  amygdalar  frontal  pathway 
mediating  fear  processing.  Among  the  over  25  PTSD  can- 
didate  genes  currently  reported  (Amstadter  et  aL.  2009 . 
2011:  Binceret  aL.,  2008;  Boscarino  et  aL,  2011:  Cao  et  aL, 
2013:  Comings  et  aLt  1996:  Dragan  and  Oniszczenko,  2009; 
Gillespie  et  aL,  2013;  Goenjian  et  al.,  2012;  Grabe  et  aL. 
2009;  Guffanti  et  aL. ,  2013;  Hauer  et  aL,  2011;  Kolassa 
et  al.,  2010;  Logue  et  aL.  2013a,b:  Lyons  et  aL,  2013; 
Mellman  et  aL,  2009;  Nelson  et  aL,  2009;  Ressler  et  aL, 
2011;  Segman  et  aL,  2002;  Bolavieff  et  aL,  2014;  Voisey 
et  aL,  2010;  Wilker  et  aL,  2013;  Xie  et  aL,  2013),  promis- 
ing  findings  include  associations  of  PTSD  symptoms  with 
the  serotonin  transporter  gene  (5ERT7  5LC6A4)  (Xie  et  aL, 
2009),  which  is  linked  to  depression  and  anxiety  disor¬ 
ders,  as  well  as  differential  acquisition  of  conditioned  fear 
and  increased  amygdala  excitability  in  humans.  In  addi¬ 
tion.  FK&P5,  a  co-chaperone  of  the  glucocorticoid  receptor 
involved  in  the  HPA  axis,  has  a  significant  interaction  with 
severity  of  child  abuse  in  the  prediction  of  adult  PTSD 
symptoms,  indicating  a  gene  by  environment  {GxE)  interac¬ 
tion  (Binder  et  aL,  20QB).  Interestingly,  the  ankyrin-3  gene 
(ANK3),  21  known  BPD  and  5CZ  gene,  was  nominally  associ¬ 
ated  with  PTSD  (Logue  et  aL.  2013b).  Although  candidate 
gene  studies  have  not  conclusively  identified  a  genetic  basis 
of  PTSD,  and  await  replication  in  independent  studies,  they 
suggest  a  likely  polygenic  contribution  to  PTSD  develop¬ 
ment  where  a  substantial  overall  genetic  effect  aggregates 
over  many  common  variants  which  individually  contribute 
only  minimal  effects,  further  complicated  by  complex  GxE 
interactions.  These  findings  are  in  line  with  the  genetic 
architecture  of  many  psychiatric  disorders  investigated  to 
date. 

To  date,  only  3  GWASs  in  PTSD  have  been  published  with 
results  implicating  several  novel  loci.  The  first  study  on  Euro¬ 
pean  American  (EA)  military  veterans  and  their  Intimate 
partners  identified  the  retinoid-related  orphan  receptor 
alpha  (ROR4)  as  a  potential  PTSD  gene  {Logue  et  aL. 
2013a).  The  second  study,  including  EAs  recruited  for  sub¬ 
stance  abuse,  identified  the  Tolloid-Like  1  gene  (TUT)  {Xie 
et  aL*  2013),  and  the  third,  a  study  in  primarily  African 
American  women,  implicated  a  tincRNA  { UNCQ1Q90 ,  alias 
ACQ68718.  T)  as  a  risk  factor  for  PTSD  (Guffanti  et  at,, 
2013). 

In  this  study  we  present  results  from  a  GWAS  on  PTSD  in 
the  Marine  Resiliency  Study  (MRS),  including  3494  trauma- 
exposed  participants.  The  MRS  is  a  welLcharacterized, 
prospective  study  of  Marines  and  Sailors  scheduled  for 
combat  deployment  to  Iraq  or  Afghanistan,  with  longitudi¬ 
nal  follow-up  to  track  the  effect  of  combat  stress  (Baker 
et  aL,  2012).  This  young,  all -male  military  cohort  is  among 
the  largest  and  most  homogenous  of  PTSD  studies  avail¬ 
able  and  presents  a  unique  resource  to  test  mechanisms 
of  risk  that  mediate  the  link  between  stressor  exposure 
and  outcome,  or  that  moderate  or  synergize  with  exposure 
to  mitigate  or  exacerbate  its  effect  over  time.  We  per¬ 
formed  the  first  GWAS  across  ancestral  groups,  including 


subjects  of  European,  African,  Hispanic/ Native  American, 
and  other  ancestries.  In  addition,  we  attempted  to  repli¬ 
cate  significant  associations  in  25  putative  PTSD  genes 
from  the  literature,  and  tested  for  main  effects  and  GxE 
interactions  in  the  MRS.  Lastly,  we  tested  for  a  genetic 
overlap  of  PTSD  with  other  psychiatric  disorders  using 
polygenic  risk  profiles  from  Psychiatric  Genomics  Consor¬ 
tium  (PGC)  BPD,  MOD,  and  SCZ  GWAS  (Purcell  et  aL, 
2009). 


2.  Methods 

2.1.  Study  subjects 

Participants  were  recruited  from  two  studies  including 
military  personnel:  (1)  the  Marine  Resiliency  Study,  a 
prospective  PTSD  study  with  longitudinal  follow-up  (pre-  and 
post-exposure  to  combat  stress)  of  U.S.  Marines  bound  for 
deployment  to  Iraq  or  Afghanistan  (Baker  et  aL ,  2012)  (here 
referred  to  as  MRS-1),  and  (2)  the  Marine  Resiliency  Study -II 
{ MRS  - 1 1 )  P  which  followed  a  very  similar  protocol.  The  pro¬ 
tocols  were  approved  by  the  University  of  California  -  San 
Diego  Institutional  Review  Board,  and  all  participants  pro¬ 
vided  written  informed  consent  to  participate.  Subjects  with 
available  genotypes  included  a  total  of  3494  unrelated  males 
(MRS-!:  N-2376;  MRS-H:  N-1118)  from  6  different  battal¬ 
ions.  Based  on  self -reported  race  and  ethnicity,  the  cohort 
was  racially  85.5%  white  and  was  ethnically  75,5%  non- 
Hispamc.  Participant  age  ranged  from  18  to  48  years,  with  a 
mean  of  23.1  years.  Descriptive  statistics  of  the  cohort  are 
shown  in  Table  1. 


2.2.  Phenotype  assessments 

Details  of  phenotype  assessments  are  described  in  Supple¬ 
mental  methods.  In  brief,  participants  were  assessed  for 
PTSD  diagnosis  up  to  3  times,  once  before  deployment  and 
3  and/or  6  month  post  deployment.  Post- traumatic  stress 
(PTS)  symptoms  were  assessed  using  a  structured  diagnos¬ 
tic  interview,  the  Clinician  Administered  PTSD  Scale  (CAPS), 
and  PTSD  diagnosis  followed  the  DSM-W  criteria  for  par¬ 
tial  and  full  PTSD.  All  participants  (N  =  3494)  included  in 
this  study  met  the  D5M-TV  criteria  At  event;  38%  of  them 
had  2  assessments  and  39%  had  3  assessments,  respectively. 
For  participants  assessed  at  multiple  timepoints  (i.e.  pre- 
and  post-deployments;  N-2689),  the  timepoint  with  the 
highest  CAPS  score  was  used  ( 54%  of  the  CAPS  came  from  pre- 
deployment,  and  46%  from  post-deployment  assessments). 
Participants  meeting  criteria  for  partial  or  full  PTSD  diag¬ 
nosis  were  designated  as  cases  (N~940P  including  324  with 
a  full  PTSD  diagnosis),  all  other  participants  were  desig¬ 
nated  controls  (N  =  2554).  Childhood  trauma  was  assessed 
in  3385  subjects  using  a  modified  version  of  the  Childhood 
Trauma  Questionnaire  Short  Form  (CTQ),  and  general  life¬ 
time  trauma  was  assessed  at  the  time  of  CAPS  assessment 
in  3494  participants  using  the  Life  Events  Checklist  (LEG),  a 
self-report  inventory  that  inquires  about  exposure  to  16  dif¬ 
ferent  potentially  traumatic  events  known  to  increase  risk 
for  PTSD. 
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Table  1  Descriptive  statistics  for  the  Marine  Resiliency  GWAS  cohorts  (MRS)  studied  based  on  PTSD  case  versus  control  status. 


All 

MRS-1 

MRS- II 

PTSD 

Controls 

p- Value1 

Number  of  Subjects 

3494 

2376 

1118 

940 

2554 

Age,  mean  (iSD) 

23.1  (3.4) 

23.3  (3.5) 

22.6  (3.0) 

23.0  (3.0) 

23.2  (3.5) 

0.98 

Range 

18-48 

18-48 

18-43 

18-38 

18-48 

Self  reported  race 

White 

85.5% 

84.6% 

87.5% 

84.1% 

86.1% 

0.23 

African  American 

4.4% 

4.5% 

4.1% 

4.4% 

4.4% 

Other 

10.0% 

10.8% 

8.456 

11.5% 

9.5% 

Self  reported  ethnicity 

Hispanic 

24.5% 

23.3% 

26.2% 

25.9% 

23.6% 

0.16 

Non-Hsspanic 

75.5% 

76.7% 

73.8% 

74.1% 

76.4% 

CTC2,  mean  (±SD) 

39.6(13.5) 

40.3(13.8) 

38.0(12.3) 

44.3  (12.8) 

37.8(12.3) 

<2.2  x  10  14 

Range 

25.0-107.5 

25.0-106.5 

25.0-107.5 

25.0-106.5 

25.0-107.5 

LEC,  mean  (±SD) 

6.9  (3.5) 

6.7  (3.5) 

5.3  (3.3) 

8.2  (3.4) 

5.7  (3.3) 

<2.2  x  10'14 

Range 

0-16 

0—16 

0-16 

0-16 

0-16 

Prior  deployment 

78% 

78% 

78% 

83% 

76% 

1.4x  10  5 

p- Values  (PTSD  versus  Controls)  based  on  Wiltoxon  tests  (chi-square  tests  for  Race  and  Ethnicity).  CTCL  childhood  trauma  question¬ 
naire;  LEC:  life  events  checklist. 


2.1  DNA  sample  preparation,  genotyping,  and 
quality  control 

Details  of  sample  preparation  and  genotyping  procedures 
are  given  in  Supplemental  methods.  In  brief,  genomic  DNA 
was  prepared  from  blood  leukocytes  and  prepared  for  geno- 
typing.  GWAS-I:  genotyping  for  MRS- 1  was  carried  out  by 
lllumina  (http://www.illunnina.com/)  using  the  HumanGrrr 
niExpressExome  (HQEE)  array  with  951 .1 17  toci  and  resulted 
in  a  high  initial  locus  success  rate  and  overall  data  qual¬ 
ity.  Additional  data  cleaning  was  performed  in  PUNK  vl.Q? 
(Purcell  et  at.f  2007),  using  standard  procedures  (Anderson 
et  aL,  2010).  SNPs  were  excluded  if  the  call  rate  was  <95%, 
if  they  violated  Hardy  Weinberg  Equilibrium  (p<  1  x  10  6), 
or  if  they  showed  plate  effects  (p- value  <1  x  10  a  for  any 
one  plate  or  <1  x  10  *  for  two  or  more  plates).  After 
removal  of  problematic  DNA  samples  and  markers,  the 
final  dataset  included  851,541  markers  genotyped  in  2548 
subjects.  GWAS-II:  a  second  GWAS  for  MRS- 1 1  samples  was 
carried  out  by  RUCDR  (http://www.rucdr.org)  using  the 
HOEE  array  with  967,537  loci  and  identical  data  quality  pro¬ 
cedures  were  applied.  Genotypes  (N  =  849,099  SNPs)  of  1471 
GWAS-II  subjects  and  23  duplicates  (subjects  in  common 
with  GWAS-I)  were  then  merged  with  GWAS-I.  Array  effects 
were  identified  by  comparing  SNR  allele  frequency  variation 
between  GWAS-I  and  GWAS-II  using  a  chi -squared  association 
test  and  132  SNPs  with  p-values  <5  *  10  *  were  removed. 
Reproducibility  including  23  replicate  pairs  (subjects  geno¬ 
typed  in  both  GWAS-I  and  GWAS-II)  was  >99.99%.  Ancestry 
was  distributed  equally  across  GWAS-I  and  GWAS-II  (chi- 
squared  *  3.50,  df=3,  p>0.32;  Supplemental  Pig.  1}f  but 
there  were  more  PTSD  cases  in  GWAS4  compared  to  GWAS-II 
(chi -squared  =29.07,  df  =  1 ,  p<  6.98  *  10  ®);  a  covariate  for 
array  was  included  in  the  association  analyses  (see  below). 
The  final  dataset  included  888,113  markers  genotyped  in 
3494  MRS  participants  (and  525  samples  unrelated  to  this 
study). 


2.4.  Genotype  imputations 

Imputations  were  performed  using  the  default  parameters 
in  IMPUTE2  V2.2.2,  using  1000  Genomes  Phase  1  integrated 
variant  set  haplotypes  for  the  autosomes  and  the  interim 
set  for  the  X  chromosome  (see  Nievergelt  et  aL,  2014 
for  details).  In  brief,  prior  to  imputation,  genetic  mark¬ 
ers  that  failed  Hardy  Weinberg  equilibrium  (p<5  ■  10  A), 
or  had  exceedingly  rare  alternative  alleles  (minor  allele  fre¬ 
quency  MAF  <0.005)  were  excluded.  Next,  genomes  were 
divided  into  approximately  5  Mb  segments,  and  phasing  and 
imputed  genotypes  were  calculated  for  each.  Imputed  mark¬ 
ers  with  tow  imputation  quality  values  (Info  <0.5)  were 
dropped.  A  total  of  21 ,692,209  variants  were  imputed 
across  the  two  genotyping  arrays,  resulting  in  a  total  of 
21.693,469  genotyped  and  imputed  markers  for  association 
analyses. 


2.5,  Ancestry  assessment  and  control  for  genetic 
background  heterogeneity 

Ancestry  was  determined  using  genetic  information  as 
described  in  Nievergelt  et  ah  (2013).  In  brief,  geno¬ 
types  of  1783  ancestry- informative  markers  (AIMs)  were 
used  to  determine  a  subject's  ancestry  at  the  continen¬ 
tal  level  for  the  7  geographic  regions  Africa,  Middle  East, 
Europe,  Central/South  Asia,  East  Asia,  Americas,  and  Ocea¬ 
nia.  Ancestry  estimates  were  determined  using  STRUCTURE 
v2. 3.2.1  (Falushet  aL,  2003)  at  K  =  7,  including  prior  popula¬ 
tion  information  of  the  HGDP  reference  set  (Lf  et  aL,  2008). 
To  preserve  power  for  the  GWAS  and  reduce  type  I  errors 
due  to  population  stratification,  we  aimed  to  place  sub¬ 
jects  into  large,  homogenous  groups  (European -Americans, 
EA,  N  =  2179)  and  groups  with  simple  one-way  admixture 
(African-Americans,  AA,  N  =  205;  Hispanic  and  Native  Amer¬ 
icans,  HNA,  N  =  640).  All  other  subjects,  including  50  East 
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Asians,  were  grouped  as  Others  (N  =  47Q)  (see  Supplemental 
Fig.  1  for  details). 

GWAS  was  performed  separately  in  each  of  the  4  main 
ancestral  groups*  To  control  for  additional  genetic  back¬ 
ground  heterogeneity  within  the  4  ancestral  groups,  and 
varying  degrees  of  FA  admixture  within  the  HNAs,  AAs  and 
others,  a  principal  component  analysis  (PCA)  implemented 
in  EIGENSTRAT  (Price  et  aL,  2006)  was  performed  based  on 
10,000  random,  autosomal  SNPs  separately  for  each  of  the 
4  groups*  Scree  plots  (data  not  shown)  of  the  Eigenvalues  of 
the  principal  components  (PC's)  indicated  that  the  first  five 
PC's  substantially  accounted  for  genetic  variability  within 
EA  (0*69%  cumulative  of  5  PC's),  AA  (6*70%  for  5  PCs),  HNA 
(2,81%  for  5  PCs),  and  Others  (8,44%  for  5  PCs),  respec¬ 
tively  and  were  included  as  covariates  in  the  association 
analyses. 


2,6*  Statistical  analyses 

To  test  for  association  of  SNPs  (at  a  minor  allele  frequency 
MAF*  0.01  T  N  =  10,446,675  SNPs)  with  PTSD  status  logistic 
regressions  were  performed  in  PUNK  for  each  of  the  4  ances¬ 
try  groups,  including  battalion,  GWAS  platform,  and  the  first 
5  PCs  as  c  ova  nates,  Alleles  were  coded  additively  in  the 
GWAS  and  alternative  genetic  models  were  tested  post  hoc 
for  top  hits.  To  account  for  uncertainty  in  SNP  imputation, 
SNP  dosages  were  used  rather  than  allele  calls*  Resulting 
p  values  were  adjusted  using  genomic  control  (GC)  to  cor 
reel:  for  genome  wide  inflation  and  significance  was  declared 
atp<5x10**A  fixed-effects  meta- analysis  across  antes- 
try  groups  was  performed  based  on  GC  corrected  standard 
errors  (S£)  using  the  inverse -variance  weighted  method  in 
METAL  (Wilier  et  aL.  2010)*  Regional  association  plots  were 
constructed  using  LocusZoom  (Pruim  et  aL,  2010),  using 
the  1000  Genomes  project  Europeans  as  reference  pop- 
ulation  and  R2  as  the  measure  for  linkage  disequilibrium 
(LD>* 

Candidate  gene  analyses:  associations  for  single  gene 
analyses  selected  from  the  literature  are  reported  at  a  nom¬ 
inal  p-value  of  0.05.  Gene-wide  significance  was  estimated 
using  the  set-based  permutations  in  PUNK  with  default 
parameters.  Gene  by  environment  (GxE)  interactions  were 
calculated  using  a  robust  5E  method  (Voorman  et  aL,  201 1) 
as  implemented  in  the  R- package  rms  (Harrell,  2014), 

Poty$emc  risk  score  analyses:  risk  score  analyses  were 
performed  in  EA  MRS  participants  based  on  data  down¬ 
loaded  from  the  PGC  website  for  bipolar  disorder  (BPD), 
major  depressive  disorder  (MDD)*  and  Schizophrenia  (SCZL 
LD- pruned  SNP  sets  for  the  3  disorders  were  filtered  at  vary¬ 
ing  p-value  thresholds  (PT)  (at  p<  0.01 ,  <0.05*  <0.10,  <0*20, 
<0*30,  <0.40,  and  <0.50).  A  risk  score  for  each  MRS  partici¬ 
pant  was  computed  by  the  number  of  risk  alleles  weighted 
by  the  log  of  the  odds  ratios  (ORs)*  To  test  if  the  polygenic 
risk  scores  for  these  disorders  could  predict  PTSD  status  in 
MRS,  logistic  regressions  with  the  specific  SNP  sets  were  per¬ 
formed,  including  battalion*  GWAS  platform,  and  the  first  5 
PC’s  as  covariates* 

Power  calculations  for  the  association  analysis  were  per¬ 
formed  using  the  case-control  module  for  discrete  traits 
(Purcell  et  aL,  2003)  at  0  -  f  and  parameters  derived  from 
the  MRS. 


2-7*  VA  replication  sample 

GWAS  hits  in  the  discovery  sample  were  tested  for  repli¬ 
cation  in  an  independent  cohort  including  491  VA  samples. 
Sample  ascertainment,  characterization,  genotyping,  and 
data  cleaning  methods  used  have  been  described  elsewhere 
in  detail  (Logueet  aL,  201 3a).  Briefly,  the  sample  is  a  subset 
of  a  cohort  of  military  veterans  and  their  intimate  partners 
ascertained  from  two  studies  performed  at  U,S*  Department 
of  Veterans  Affairs  (VA)  medical  centers.  All  participants 
were  assessed  using  the  CAPs  with  excellent  inter-rater  reli¬ 
ability  (kappa  =  0.87).  Genotyping  was  performed  using  the 
Itlumina  HumanOmni2.5  8  array  and  samples  were  excluded 
if  they  had  a  call  rate  of  <95%  or  if  their  reported  sex  did  not 
match  their  inferred  sex  based  on  X-chromosome  genotypes* 
Only  white  non-Hispank  subjects  (based  on  a  STRUCTURE 
(FaLushet  aL,  2003;  Pritchard  et  aL*  2000)  analysis  of  10,000 
markers)  with  a  DSM  fV  defined  PTSD  CriteriorvA  traumatic 
event  were  included  in  the  analysis.  The  sample  analyzed 
includes  491  white  non -Hispanic  veterans  and  their  intimate 
partners  including  313  lifetime-PTSD  cases  and  178  trauma- 
exposed  controls*  Association  between  the  SNP  and  lifetime 
PTSD  was  tested  using  PUNK  (v*  1.07).  First,  the  sample  was 
analyzed  using  a  logistic  model  adjusting  for  the  top  3  PC's 
computed  in  EIGENSTRAT  based  on  10,000  randomly  chosen 
markers. 

3*  Results 

Meta  analysis  of  GWASs  with  PTSD  in  subjects  of  Euro¬ 
pean  (FA),  African  (AA),  Hispanic /Native  American  (HNA), 
and  other  descents.  Genome-wide  association  studies  for 
PTSD  were  performed  with  genotypes  of  2179  EA's,  640 
HNA's*  205  AA's*  and  470  subjects  of  other  or  mixed  ances¬ 
tral  descent*  The  genomic  control  (GC)  inflation  factor 
lambda  was  close  to  1.0  in  all  analyses  (see  Supplemental 
Fig*  2  for  QQ-plots}*  GC -corrected  p~ values  were  com¬ 
bined  in  a  meta-analysis  and  resulted  in  a  genome- wide 
significant  association  for  a  SNP  in  the  phosphoribosyl  trans¬ 
ferase  domain  containing  1  gene  (rs6482463  in  PRTF0C1; 
GR  =  1.47*  5E  =  0.06,  p  =  2.04  x  10  9)  (Fig.  1A  and  Supple¬ 
mental  Table  1A),  PRTFDC1  is  a  104  kb  long  gene  on 
chromosome  10,  including  9  exons.  The  top  SNP  rs6482463 
(imputed  based  on  the  genotyped  proxy  SNP  rs6482463* 
R2  =  0*995,  imputation  info  score  =  0.99)  is  located  in  a 
—40 kb  LD-btock  spanning  most  of  intron  3  (Fig.  iB).  An 
analysis  of  the  large  EA  subgroup  identified  a  different  SNP 
(rs2 148269*  imputed)  as  top  hit  in  this  gene*  SNP  rs2 148269 
is  located  in  the  same  LD-btock  as  rs6482463  (/?2  =  0. 27) 
(see  Supplemental  Fig.  3A  and  B  for  the  EA  Manhattan 
and  regional  association  plots).  However*  the  meta-analysis 
top  SNP  rs6482463  shows  consistent  odds  ratios  (OR) 
across  all  4  ancestry  groups*  and  a  test  for  heterogeneity 
between  studies  was  not  significant  (p  =  0,9  for  Cochran's 
Q;  Table  2A),  Given  the  parameters  from  the  meta -analysis 
of  rs6482463  (MAF  =  0.27*  relative  risk  =  1,324)*  a  power 
calculation  indicated  that  the  study  was  sufficiently  pow¬ 
ered  (-80%)  to  detect  an  effect  size  of  this  magnitude 
(OR  =  1*47). 

Replication  of  the  PRTFDC1  association  with  PTSD  was 
attempted  in  an  independent  military  cohort  (VA  replication 
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Figure  1  (A)  Manhattan  plot  of  genome- wide  association  results  for  PTSD  from  a  meta -analysis  of  subjects  from  mixed  ancestries. 

The  red  line  represents  genome-wide  significance  at  p  <5  *  10  8  and  the  dashed  line  represents  suggestive  evidence  for  association 
atp  *5  -1Q  MB}  Regional  association  plot,  showing  significant  regions  in  PRTFDC 1  on  chromosome  10.  Results  are  reported  for  the 
most  significant  SNP  rs6482463  from  the  meta -analysts.  The  color  of  each  circle  is  based  on  R1  with  rs6482463  and  recombination 
rates  are  based  on  European  reference  subjects  from  the  1 000  Genomes  Project, 


sample)  The  imputed  SNP  rs6482463  was  not  available, 
but  rs1Q33962  (a  SNP  3678  bp  apart)  was  genotyped  in  both 
MRS  and  NCPTS.  Associations  for  rsl 033962  in  the  MRS 
meta -analysis  were  slightly  less  strong  than  for  the  top 
SNP  rs6482463  (p-4.93  x  10  9;  Table  2B).  Association  of 
rsl 033962  in  the  smaller  NCPTS  replication  study  was  not 
significant  (N  =  491;  p  =  0.14).  However,  the  direction  of 
the  effect  of  the  A  allele  was  consistent  with  MRS,  and  a 
meta -analysis  of  MRS  and  NCPTS  showed  no  heterogeneity 
(Cochran  p^0.91)  and  further  decreased  the  pwalue  to 
2,06  x  10  9. 


We  also  explored  alternative  statistical  models  for 
PRTFDC f  associations  with  PTSD,  extending  from  the  basic 
model  with  an  additivety  coded  SNP  effect,  and  the 
cava  nates  battalion,  GWAS  platform,  and  5  PC's  for  pop 
ulation  stratification.  Compared  to  the  additive  model 
(p  =  2.04  ,<  10'9},  recessive  and  dominant  genetic  models 
did  not  show  stranger  effects  for  rs6487463  (p  =  2.03  *  10  J 
or  p  =  3.2  x  10  \  respectively).  In  addition,  we  tested  the 
effects  of  age,  different  types  of  traumas  (CTQ,  LEG,  and 
prior  deployments;  see  Table  1),  and  GxE  interactions  on 
PTSD  status  {Supplemental  Table  IB).  Age  and  the  3  types 


Table  2  Meta-analyses  of  PRTFDC  J  associations  with  PTSD  for  (A)  the  most  significant  imputed  SNP  rs6482463  in  four  Marine 
Resiliency  Study  {MRS)  ancestry  groups,  and  (B)  for  the  genotyped  SNP  rsl  033962  in  MRS  and  an  independent  replication  sample 
from  the  National  Center  for  PTSD/ Boston  (NCPTS), 


Study 

Ancestry 

Al 

A2 

MAF 

N  subjects 

OR 

S  E 

P 

Q 

(A)  Association  analysis  for  rs64S2463 

MRS 

EA 

A 

G 

0.22 

2179 

1,41 

0,08 

2.98x10  05 

AA 

A 

G 

0.46 

205 

1.49 

0.26 

0.118 

HNA 

A 

G 

0.31 

640 

1.58 

0.14 

1.25x10  03 

OTH 

A 

G 

031 

470 

1.55 

0.18 

0.012 

Meta 

A 

G 

- 

3494 

1*47 

0.06 

2.04  x  10  °* 

0.90 

(B)  Association  analysis  for  rsl  03 3962 

MRS 

EA 

A 

G 

0.22 

2179 

1.40 

0.08 

4.48  x  10  05 

AA 

A 

G 

0.47 

205 

1.45 

0.25 

0.148 

HNA 

A 

G 

0.31 

640 

1.57 

0.14 

1.37x10  03 

OTH 

A 

G 

031 

470 

1,52 

0.17 

0.016 

Meta 

All 

A 

G 

— 

3494 

1.45 

0.06 

4.93  x  10  09 

0.90 

NCPTS 

EA 

A 

G 

0.21 

491 

1.28 

0.17 

0.144 

Meta 

All 

A 

G 

- 

3985 

1,43 

0.06 

2.06  x  10  09 

0.91 

MAF,  minor  allele  frequency  for  Al  allele;  OR*  odds  ratio;  5E,  standard  error  of  the  mean;  Cb  p- value  for  Cochran's  Q  statistic;  meta, 
inverse- variance  weighted  meta -ana lysis;  EA,  European  American;  AA,  African  American;  HNA,  Hispanic  and  Native  American  descent; 
OTH,  other. 
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of  trauma  significantly  predicted  PTSD  in  univariate  anal- 
yses  (p  <  0.05  in  all  cases),  and  explained  between  2.8% 
(age)  and  14.9%  (LEG)  of  the  variability  {%  VE).  Adding  these 
predictors  to  the  top  SNP  rs6482463  slightly  decreased  the 
p- values  for  the  SNP  effect  for  models  including  SNP  plus 
age,  CTQ,  or  prior  deployment,  respectively.  Tests  for  GxE 
interactions  using  the  LEG,  CTQ  or  prior  deployment  were 
not  significant  (p>G.Q5  in  all  cases).  Finally,  a  cumulative 
model  including  SNP,  age,  LEG,  CTQ  and  prior  deployment 
(plus  the  standard  covariates  battalion,  GWAS  platform  ,  and 
5  PC’s  for  ancestry)  was  most  significant  in  predicting  PTSD 
status  (p  =  4.07  x  tO  94 )  and  explained  -20%  of  the  variance 
(Supplemental  Table  IB). 

In  addition  to  the  genome-wide  significant  association 
with  PRTFDC 1 ,  SNPs  in  26  genes  met  the  threshold  for 
suggestive  evidence  of  association  (p<5x10_6)P  includ¬ 
ing  SNPs  in  10  genes  from  the  meta-analysis  (Fig,  1A) 
and  15  genes  in  specific  ancestry  groups.  A  summary  for 
the  top  SNPs  per  gene  are  shown  in  Table  3  (see  also 
extended  data  in  Supplemental  Table  2).  As  expected  based 
on  the  size  of  the  subsets,  most  of  the  associations  meeting 
suggestive  evidence  were  found  in  the  largest  EA  sub¬ 
group  (see  also  Manhattan  plot  for  EA  in  Supplemental 
Fig.  2).  There  was  considerable  heterogeneity  across  the 
4  ancestral  groups  in  regards  to  the  effect  of  the  top 
SNPs.  The  direction  of  the  effects  across  the  26  genes 
was  consistent  only  for  7  of  the  top  SNPs,  and  Cochran's 
Q  value  showed  significant  heterogeneity  across  studies 
for  12  associations,  including  all  4  of  the  SNPs  meeting 
suggestive  evidence  in  the  AAs  and  both  SNPs  meeting 
suggestive  evidence  in  the  HNA’s.  No  SNP  met  suggestive 
evidence  for  association  in  the  470  subjects  of  'other1 
descent. 

In  addition  to  testing  for  a  main  SNP  effect  on  PTSD  diag¬ 
nosis  we  also  tested  for  an  interaction  of  childhood  trauma 
(CTQ)  and  the  top  SNPs  listed  in  Table  3  (GxE  interaction). 
Six  SNPs  showed  nominally  significant  GxE  interactions  in  one 
or  more  ancestry  groups.  However,  none  of  them  remained 
significant  after  correction  for  multiple  comparisons  (at  a 
threshold  of  p<  0.002  for  26  tests  performed). 

3.1.  Comparison  of  PTSD  genes  reported  in  the 
literature  with  results  from  the  MRS  GWAS 

We  compared  the  results  from  the  MRS  association  analyses 
in  the  EA  and  AA  subgroups  for  25  genes  with  signify 
cant  association  with  PTSD  for  either  a  main  SNP  effect 
and/or  a  significant  GxE  interaction  previously  reported  in 
the  Literature  (see  Table  4  for  EA  and  Supplemental  Table 
3  for  AA),  Most  of  the  genes  were  identified  in  candi* 
date  gene  studies,  but  UNC01090  (Guff anti  et  alM  2013), 
flORA  (Logue  et  al.,  2013a),  and  TLU  (Xie  et  al.,  2013) 
came  from  recent  GWASs,  thus  meeting  the  stricter  level 
for  genome-wide  significance  in  the  original  studies.  We 
first  investigated  the  specific  SNP  reported  in  the  literature 
and  found  that  none  of  the  reported  SNPs  were  nomi¬ 
nally  significant  in  the  MRS  EA  or  AA  subgroups.  Next  we 
tested  all  available  SNPs  within  the  25  genes  for  associa¬ 
tion  with  PTSD.  The  number  of  SNPs  per  gene  available  in 
the  MRS  GWAS  ranged  from  11  SNPs  in  RGS2  to  1976  SNPs 
in  ANK3,  With  the  exception  of  APOE,  all  genes  included 


Figure  2  Polygenic  risk  score  profiling  in  European  American 
subjects,  using  discovery  sets  from  GWAS  on  bipolar  disor¬ 
der  (BPD,  black  bars),  major  depressive  disorder  (MDD,  gray 
bars),  and  schizophrenia  (3CZ,  white  bars)  from  the  Psychiatric 
Genomic  Consortium  (PGC).  The  x-axis  shows  results  at  seven  p- 
value  thresholds  (PT-0.01,  0,05,  0J0,  0.20?  0.30,  0.40,  0.50). 
The  y-axis  shews  the  Nageikerke  pseudo  R2,  the  proportion  of 
variance  in  PTSD  case-control  status  exp.ained  by  the  risk  score 
profile,  *  indicates  nominal  significance  at  p<  0.05. 


at  Least  one  nominally  significant  SNP  in  the  EA  and/or  AA 
subgroup.  However,  after  controlling  for  mthiple  compar¬ 
isons  at  the  gene  level  (not  yet  considering  tie  number  of 
genes  tested),  none  of  these  associations  remained  signifi¬ 
cant. 

Significant  GxE  interactions  were  reported  for  SNPs  in  7 
genes  (Table  4),  predominantly  including  childhood  trauma 
as  the  environmental  factor.  We  did  not  replicate  a  GxE 
effect  in  these  7  genes  in  the  MRS  (p>0,05).  GxE  inter* 
actions  in  4  other  genes  without  a  reported  GxE  in  the 
original  studies  were  nominally  signifeant  h  MRS,  but  did 
not  meet  the  threshold  after  correction  for  multiple  com¬ 
parisons  (p<  0.002  for  25  genes  tested) 


3,2.  Association  of  cross-disorder  polygenic  risk 
scores  in  the  MRS  PTSD  GWAS 

We  also  tested  for  a  genetic  overlap  of  PTSD  witi  bipo¬ 
lar  disorder  (BPD)t  major  depressive  disorder  (MDD),  and 
schizophrenia  (SC 2)  using  polygenic  risk  scores.  These 
scores,  an  aggregate  of  many  SNPs  with  small  indi¬ 
vidual  effects  relieved  from  large  PGC  GWAS  studies, 
were  used  at  different  p-value  thresholds  (PT),  ranging 
from  0.01  to  0.5  (Fig.  2).  We  found  that  the  polygenic 
risk  scores  for  BPD  explained  a  significant  proportion  of 
phenotypic  variance  in  the  MRS  for  PT  =  0.3  (Nageikerke 
R7  =0.025,  p-0.028).  PT=0.4  {R2 -0.025,  p  =  0.037),  and 
Pt  * 0.5  (ft2 -0.024,  p-0.047),  Polygenic  risk  sores  from 
GWAS  of  SCZ  and  MDD  did  not  significantly  predict  3T5D  in 
the  MRS. 
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4*  Discussion 

We  present  the  First  multi-ethnic  GWA5  of  PTSD  to  date, 
including  subjects  of  European,  African,  Native  Ameri¬ 
can/Hispanic,  and  other  ancestry,  typically  found  in  U,S. 
military  cohorts.  Participants  were  recruited  from  the  MRS, 
a  large,  prospectively  assessed  cohort  of  Marines  and  Sailors 
with  index  deployments  to  Iraq  or  Afghanistan  (Baker  et  al., 
2012),  This  all-male  study  included  3 494  subjects  exposed  to 
a  D5AMV  criteria  Al  traumatic  event  and  represents  one  of 
the  largest  and  most  homogenous  PTSD  GWAS  to  date.  Due 
to  the  military  culture  and  training  of  the  participants  we 
did  not  require  the  endorsement  of  the  A2  criteria  i,e.  that 
the  traumatic  experience  is  accompanied  by  intense  fear, 
helplessness,  or  horror  However,  removal  of  A2  from  the 
DSM-iV  criterion  set  does  not  seem  to  substantially  increase 
tire  number  of  people  who  qualify  for  PTSD  diagnosis  (Karam 
et  aL,  2010),  and  A2  has  been  dropped  entirely  in  the  new 
DSM  V  PTSD  definition. 

The  GWAS  meta -analysis  across  ancestry  groups  iden¬ 
tified  the  phosphoribosyl  transferase  domain  containing  1 
gene  (F/?TFDC  T)  as  a  potential  PTSD  gene  meeting  genome¬ 
wide  significance.  This  finding  was  supported  by  a  smaller, 
independent  VA  cohort  including  491  EA  veterans  and  their 
intimate  partners  with  31 3  Lifetime-PTSD  cases  (Logue  et  al . , 
2013a).  PRTFDC 1  is  a  -100  kb  long  gene  located  on  chro¬ 
mosome  10p1 2_  It  encodes  the  phosphoribosyltransferase 
domain-containing  protein  1 ,  a  relatively  small  protein  with 
highest  expression  in  the  brain.  PRTFDC1  belongs  to  the 
purine /pyrimidine  phosphoribosy  (transferase  family  and  is 
a  paralog  of  HPRT1 ,  but  may  have  lost  its  ancestral  HPRT 
activity  (Keebaugh  et  aL ,  2007).  However,  PRTFDC 1  has  been 
reported  as  a  possible  tumor-suppressor  gene  that  is  fre¬ 
quently  silenced  by  aberrant  promoter  hypermethylation 
(Suzuki  et  al. .  2007).  To  our  knowledge  PRTFDC  1  has  not  yet 
been  implicated  in  GWAS  of  PTSD  or  other  psychiatric  disor 
ders  and  its  potential  role  in  the  etiology  of  PTSD  remains 
to  be  determined. 

As  expected  from  a  meta -ana lysis  across  ancestries,  the 
PRTFDC  1  top  hit  from  the  meta-analysis  was  a  SNP  with 
a  similar  effect  across  multiple  ancestry  groups.  This  SNP 
(rs6482463)  is  located  in  a  —40  kb  LD  block  spanning  most  of 
intron  3.  The  GWAS  for  the  largest  subgroup,  including  2179 
EAs,  identified  a  different  top  hit  in  the  same  LD  block,  com¬ 
plicating  a  functional  analysis  of  these  findings.  However, 
based  on  the  UCSD  genome  browser  annotations  the  whole 
region  of  the  LD  block  shows  enrichment  in  H3K27Ac  and 
H3K4Me3  histone  marks,  indicative  of  high  transcriptional 
activity  (see  Supplemental  Fig.  4). 

A  hallmark  of  PTSD  association  studies  are  frequent 
findings  of  GxE  interactions,  where  the  effect  of  a  gene  on 
PTSD  risk  is  exaggerated  in  the  presence  of  a  high  trauma 
burden  (Koenen  et  at.,  2008).  For  example,  this  has  been 
found  for  childhood  trauma  {Binder  et  al.,  2008)  as  well  as 
adult  trauma  such  as  combat  exposure  (Lyons  et  alH(  2013). 
The  thoroughly  characterized  MRS  includes  pre-  and  post- 
combat  exposure  trauma  assessments,  allowing  for  detailed 
testing  of  GxE  interactions.  We  found  that,  while  the  overall 
model  to  predict  PTSD  status  improved  when  we  included 
trauma  exposure  into  the  model  (from  a  model  with  baseline 
covariates  and  the  SNP  alone  explaining  - A%  of  the  vari¬ 
ability  to  the  complete  model  including  trauma  exposure 


explaining  a  cumulative  -20%  of  the  variability),  GxE 
interactions  for  childhood  trauma,  adult  life  events,  or 
previous  combat  deployments  were  not  significant.  Since 
our  cohorts  experienced  a  relatively  large  trauma  burden, 
with  significantly  more  trauma  of  all  types  reported  by 
participants  diagnosed  with  PTSD  compared  to  Marines 
with  low  PTS  symptoms  (see  Table  1),  we  conclude  that 
power  in  MRS  was  similar  to  other  studies  that  reported 
significant  interactions.  However,  GxE  interactions  have 
been  difficult  to  replicate  and  have  a  high  potential  to  be 
false  positives  (Duncan  and  Keller,  2011).  Recent  methods 
based  on  model -robust  estimates  of  standard  errors  are 
promising,  especially  in  the  context  of  genome- wide  GxE 
analyses  (Voorman  et  aL,  2011). 

In  addition  to  the  genome-wide  significant  PRTFDC1  we 
found  SNPs  in  25  genes  with  suggestive  evidence  for  associ¬ 
ation  with  PTSD.  These  results  stem  from  specific  ancestry 
groups  and/or  from  the  meta-analysis  across  groups.  A  com¬ 
parison  of  findings  between  the  different  ancestry  groups  is 
limited  by  the  much  smaller  size  of  the  non-EA  subgroups. 
Interesting  genes  with  suggestive  evidence  for  association 
include  CSMD1,  a  gene  previously  implicated  in  Large  GWAS 
of  other  psychiatric  disorders  {Schizophrenia  Psychiatric 
Genome-Wide  Association  Study,  2011),  genes  (JAK7,  FASLG) 
related  to  immune  response,  a  pathway  that  has  previously 
been  implicated  for  PTSD  by  GWAS  (Guffanti  et  al.,  2013) 
as  well  as  gene  expression  studies  (Glatt  et  aL,  2013),  and 
genes  (U8£2£3,  UBE2U)  from  the  ubiquitin  system,  which 
has  been  implicated  in  the  etiology  of  schizophrenia  and 
bipolar  disorder  (Bousman  et  at.,  2010).  Before  conclusions 
can  be  drawn  however  these  genes  must  be  replicated  in 
larger  GWASs  and  meta -analyses  currently  planned  by  the 
PGC  PTSD  working  group  (Koenen  et  al.,  2013). 

We  also  compiled  a  list  of  genes  that  have  been  reported 
in  the  Literature  to  be  significantly  associated  with  PTSD, 
either  showing  a  main  effect  for  the  genetic  marker,  and/or 
a  significant  GxE  interaction  (Amstadter  et  al.t  2009,  2011 ; 
Binder  et  aL#  2008;  Boscarino  et  al.,  20 M;  Cao  et  al.. 
2013;  Comings  et  al,,  1996;  Dragan  and  Oniszczenko,  2009; 
Gillespie  et  al.,  2013;  Goenjian  et  al.,  2012;  Grabe  et  al., 
2009;  Guffanti etaU 201 3;  Hauer  etaU,  2011;  Kolassa et  al., 
2010;  Logue  et  al.,  2013a,b;  Lyons  et  at.,  2013;  Mellman 
et  al. ,  2009;  Nelson  et  at.  ,  2009:  Ressler  et  aLr  2011:  Segman 
et  at.,  2002;  Solovieff  etaU  2014;  Voisey  et  at..  2010;  Wilker 
et  al.,  2013;  Xie  et  al.,  2013).  Since  most  studies  were  per¬ 
formed  in  subjects  of  either  European  or  African  descent,  we 
used  these  specific  ancestry  groups  for  comparison  with  MRS. 
We  found  that  most  of  the  25  candidate  genes  showed  nom¬ 
inally  significant  associations  in  MRS  for  at  least  one  of  the 
SNPs  tested.  However,  none  of  these  results  remained  signif¬ 
icant  after  appropriate  Bonferroni  corrections.  Comparing 
the  number  of  PTSD  cases  and  overall  study  sizes  between 
MRS  and  other  studies  indicated  that  we  were  adequately 
powered  to  detect  many  of  the  reported  effects  at  least  for 
the  EA  studies.  A  similar,  well -powered  study  recently  failed 
to  replicate  findings  for  20  PTSD  candidate  genes  after 
appropriate  adjusting  for  multiple  testing  (Solovieff  et  al., 
2014).  This  lack  of  replication  may  be  due  to  a  relatively 
targe  heterogeneity  between  PTSD  studies,  which  are 
complicated  by  the  requirement  of  exposure  to  a  traumatic 
event,  leading  to  potential  differences  in  type,  timing  of, 
and  time  since  trauma,  and  the  observed  GxE  interactions. 
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However,  it  has  been  demonstrated  that  reports  from 
candidate  gene  association  studies  {Sullivan,  2007),  and 
especially  GxE  interactions  (Duncan  and  Keller,  2011),  have 
a  high  false  discovery  rate  and  a  robust  replication  of 
Findings  is  now  a  policy  required  by  many  journals. 

In  regards  to  our  inability  to  replicate  previous  findings 
from  GWASs,  which  met  the  stringent  genome-wide  signifi¬ 
cant  thresholds,  power  calculations  indicated  that  MRS  was 
sufficiently  powered  for  a  replication  of  rsS042t49  in  RORA 
(Cogue  et  al.,  2013a)  for  EA's  (OR  2.1  in  original  study  and 
1.22  in  MRS;  data  not  shown).  However,  the  association  of 
rs681 2849  in  TLL1  (Xie  et  al.(  2013)  was  originally  detected 
in  a  larger  study,  and  rsl 01 7021 8  in  L/NC0T090  (Guff anti 
et  al . ,  201 3 )  was  original  ly  found  in  an  all  -  female  AA  cohort, 
which  was  also  larger  than  the  alb  male  MRS  AA  cohort,  and 
MRS  findings  for  these  genes  remain  inconclusive. 

On  the  other  hand,  the  large  MRS  GWAS  was  able  to  repli- 
cate  a  recent  finding  from  a  candidate  gene  study  including 
300  genes  (Solovieff  et  aL,  2014)  that  demonstrated  for 
the  first  time  the  existence  of  common  SNPs  between  PTSD 
severity  and  bipolar  disorder  based  on  cross-disorder  poly¬ 
genic  risk  score  analyses.  We  used  the  standard  polygenic 
scoring  approach  (Purcell  et  al.t  2009)  with  results  from 
the  PGC  for  MDD,  BP,  and  SCZ  {Cross-Disorder  Group  of  the 
Psychiatric  Genomics  Consortium  and  Genetic  Risk  Outcome 
of  Psychosis  Consortium,  2013)  and  found  that  PTSD  diag¬ 
nosis  was  predicted  by  risk  scores  derived  from  BPD,  but 
not  from  MDD  or  SCI.  Our  results  for  BPD  reached  signif¬ 
icance  at  p-value  thresholds  >0.3  from  the  original  GWAS, 
similar  to  the  PTSD  candidate  gene  study  (Solovieff  et  aL , 
2014).  Pleiotropic  effects  across  a  range  of  psychiatric  dis¬ 
orders  have  recently  been  reported  (Cross -Disorder  Group 
and  Genetic  Risk  Outcome,  201 3)  and  provide  exciting  new 
insights  into  the  genetic  architecture  of  PTSD  and  other  psy¬ 
chopathologies. 

Power  analyses  for  the  population- based  MRS  cohort 
GWAS  indicated  increased  power  using  a  broad  definition 
for  PTSD,  including  616  subjects  with  partial,  and  324  sub¬ 
jects  with  a  full  DSM-tV  based  diagnosis  (data  not  shown), 
compared  to  confining  the  sample  to  subjects  with  full 
PTSD  diagnosis  only.  For  example,  the  smaller  size  of  the 
full  PTSD  case  group  would  diminish  the  significance  of  our 
top  finding  for  rs6482463  in  PRTF0C1  (OR -1.47,  SE  =  0.06, 
p  =  2.04  y  10  9)  to  below  genome- wide  significance,  despite 
similar  effect  size  (OR  =  1.46,  SE  =  0.096,  p  =  7,64  *  10-5).  As 
an  alternative  to  using  a  specific  disease  cut-off  we  have 
considered  quantitative  analyses  of  PTSD  symptoms.  How¬ 
ever,  population-based  studies  require  careful  consideration 
of  PTSD  symptom  distributions  (e.g.  CAPS  symptoms  in  MRS 
are  best  characterized  by  a  zero- inflated  negative  bino¬ 
mial  distribution;  Yurgil  et  al.,  2014),  which  may  lead  to 
increased  rates  of  false  positives  if  not  modeled  appropri¬ 
ately.  The  broad  PTSD  definition  used  in  this  study  may 
potentially  limit  a  direct  comparison  with  findings  from 
other  PTSD  studies.  In  addition,  our  findings  stem  from  a 
very  homogenous  all -mate  military  cohort  and  generalizabil- 
ity  into  other  population  groups  may  be  limited. 

In  summary,  this  first  multi-ethnic  PTSD  GWAS  high¬ 
lights  the  potential  to  increase  power  of  GWAS  through 
meta -ana lyses  of  multi-ethnic  association  analyses  for 
SNPs  with  consistent  effects  across  ancestries.  We  found 
evidence  for  PRTFDC^  as  a  novel  PTSD  gene,  a  finding 


that  awaits  further  replication.  And  lastly,  the  genetic 
architecture  of  PTSD  may  be  determined  by  many  SNPs 
with  small  effects,  and  overlap  with  other  neuropsychiatric 
disorders,  consistent  with  current  findings  from  large  GWAS 
of  other  psychiatric  disorders,  suggesting  that  genetic 
contributions  to  psychiatric  disorders  may  not  completely 
map  to  present  diagnostic  categories  (Cross -Disorder  Group 
of  the  Psychiatric  Genomics  Consortium  and  Genetic  Risk 
Outcome  of  Psychosis  Consortium,  2013). 
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Supplementary  data  associated  with  this  article  can  be 
found,  in  the  online  version,  at  http://dx.doi.org/10. 
I016/j.psyneuen.2014. 10,017, 
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Prospective  Associations  Between 
Traumatic  Brain  Injury  and 
Postdeployment  Tinnitus  in 
Active-Duty  Marines 
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Jennifer  J,  Vasterling,  PhD;  MRS  Team;  Dewleert  G.  Baker,  MD 


Objective*  To  examine  whether  cause,  severity,  and  frequency  of  traumatic  brain  injury  (TB1)  increase  risk  of 
postdeploymcnt  tinnitus  when  accounts  tig  for  comorbid  post  trauma  tic  stress  disorder.  Design:  Self  report  and 
dirtied  assessments  were  done  before  and  after  an  “index*  deployment  to  Iraq  or  Afghanistan.  Setting,  Participants, 
and  Measures:  Assessments  took  place  on  Marine  Corps  bases  in  southern  California  and  the  VA  San  Diego 
Medical  Center,  Participants  were  1647  active-duty  enlisted  Marine  and  Navy  servicemen  who  completed  pre-and 
postdeployment  assessments  of  the  Marine  Resiliency  Study.  The  main  outcome  was  the  presence  of  tinnitus  at 
3  months  postdeployment.  Results:  Predeployment  T6I  increased  the  likelihood  of  new-on  set  postdeploymem 
tinnitus  (odds  ratio  |OR]  -  L86;  95%  confidence  interval  |C1|,  1.28-2.70).  Deployment-related  TBIs  increased  the 
likelihood  of  postdeploymeni  tinnitus  (OR  =  2.65;  95%  Cl,  1.19-5,89).  Likelihood  of  new-onset  postdeployment 
tinnitus  was  highest  for  those  who  were  blast-exposed  (OR  =2,93;  95%  Cl,  1.82-6.17),  who  reported  modern te- 
severe  TB1  symptoms  (OR  —  2.22;  95%  CL  1.22-3*40),  and  who  sustained  multiple  TBIs  across  study  visits  (OR  = 
2.27;  95%  CL  1 .44-4.24).  Po  sternum  a  tic  stress  disorder  had  no  effect  on  tinnitus  outcome.  Conclusions:  Participants 
who  were  blast-exposed,  sustained  multiple  TBIs,  and  reported  moderate-severe  TB1  symptoms  were  most  at  risk  for 
new-onset  tinnitus.  Keywords:  Mast*  combat,  military,  jnnUmmmtlk  stress  disorder,  PTSD,  TIN,  tinnitus,  traumatic  brain 
injury 
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TINNITUS,  defined  as  the  perception  of  sound  in 
the  absence  of  an  external  auditory  source, 1  is 
the  number  one  service-related  Veterans  Affairs  (VA) 
disability.2  Tinnitus  and  hearing  loss  combined  cost 
more  than  SI  billion  annually  in  disability  benefits, 
excluding  treatment  and  hearing  aid  expenditures*2  In 
2012,  roughly  a  quarter  of  VA  beneficiaries  received 
disability  payments  for  tinnitus  including  1 15  638  new 
cases,  an  increase  of  12%  over  die  previous  year.2  This 
12%  yearly  rise  has  been  consistent  since  the  eariy 
2000s*  In  addition,  1%  to  3%  of  patients  with  tinnitus 
experience  long-term  health  consequences,  including 
sleep  disturbance,3  depression,"1'5  anxiety,^10  somato¬ 
form  disorders,11  and  suicide.'1,11 
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Although  typically  associated  with  hearing  loss,  tin¬ 
nitus  may  occur  in  the  absence  of  hearing  difficulty*1*1 
In  the  general  population,  20*7%  of  those  with  high 
exposure  to  noise  complain  of  tinnitus  compared  with 
7*5%  of  adults  with  little  or  no  noise  exposure.1'’  In  the 
US  military  population,  more  than  60%  report  tinnitus 
several  months  following  a  blast  event*16  Contact  with 
detonations  caused  by  improvised  explosive  devices  has 
been  one  of  the  leading  causes  of  traumatic  brain  in¬ 
jury  (TBI)  in  the  Iraq  and  Afghanistan  batde  zones*17'19 
Rates  of  blast-related  hearing  loss  and  tinnitus  have  risen 
significantly  since  the  onset  of  the  war  in  Iraq*20  Patients 
with  blast  injuries  are  at  least  2.5  rimes  more  likely  to 
sustain  tinnitus  than  those  with  a  TBf  from  nondeto* 

nation  incidents,21  and  at  least  60%  to  75%  of  veterans 
with  a  history  of  mild  TBI  report  tinnitus*22  Roughly 
1.4  million  civilians  sustain  TBI  per  year  in  the  United 
States,23  and  a  separate  survey  from  Oregon  noted  that 
5%  of  those  with  tinnitus  list  an  explosion  as  the  prox¬ 
imate  cause  of  tinniLus.2^  Thus,  it  may  be  prudent  to 
screen  for  tinnitus  among  US  civilians  as  well  as  mili¬ 
tary  personnel* 

Although  the  intracranial  mechanism  of  blast-related 
tinnitus  is  unclear,  the  initial  cochlear  injury  may  be 
traced  to  a  generalized  central  neural  syndrome*  The 
cochlea  is  uniquely  vulnerable  to  primary  blast  injury 
since  the  air-liquid  interface  of  the  round  window  can 
be  subject  to  direct  overpressure  through  the  exquisitely 
thin  and  elastic  tympanic  membrane.  In  contrast,  the 
brain  is  somewhat  protected  by  absorption  of  the  pres¬ 
sure  wave  by  the  skull.  The  initial  shock  wave  from  a 
blast  leads  to  shearing  of  tissues  due  to  differential  pres¬ 
sures  acting  on  liquid  versus  more  rigid  structures  such  as 
blood  vessels.25  This  shearing  force  directly  injures  the 
brain  and  cochlea,  causing  an  inflam matory  response, 
oxidative  stress-induced  neural  degeneration,20  and  sub¬ 
sequent  neural  alteration  both  within  the  cochlea  and 
its  auditory  pathway*27 

Establishing  a  direct,  causal  link  between  blast  ex¬ 
posure  and  tinnitus  has  been  limited  by  the  retrospec¬ 
tive,  cross-sectional  nature  of  available  accounts2*-20  and 
the  existence  of  comorbid  psychiatric  disorders  such  as 
posttraumatic  stress  disorder  (FTSD).31*32  Failure  to  dif¬ 
ferentiate  tinnitus  symptoms  from  these  comorbidities 
further  hinders  the  identification  of  tinnitus-specific 
treatment  modalities.  This  prospective  study  examines 
the  effects  of  blast-related  TBI  and  injury  severity  on 
tinnitus  while  accounting  for  comorbid  and  preexisting 
symptoms,  including  PTSD  symptoms,  prior  TBI,  and 
tinnitus. 

METHODS 

Approval  for  human  participants  was  obtained  from 
University  of  California  San  Diego,  VA  San  Diego 


Research  Service,  and  Naval  Health  Research  Center 
(VA  R&D  and  UCSD  institutional  review  board  ap¬ 
proval  #070533)*  All  participants  gave  written  informed 
consent  before  participation,33 

Study  design  and  participants 

Participants  were  a  subset  of  the  2600  active-duty 
Marine  and  Navy  servicemen  enrolled  in  the  Marine 
Resiliency  Study  (MRS),33  a  prospective,  longitudinal 
investigation  of  4  infantry  battalions  stationed  in  south¬ 
ern  California*  Servicemen  were  deployed  to  Iraq  or 
Afghanistan  between  July  2008  and  May  2012  for  ap¬ 
proximately  7  months  (the  “index  deploy  men  tw)  and 
were  assessed  approximately  1  month  before  deploy¬ 
ment,  1  week  postdeployment  (only  self-report  question¬ 
naires),  and  3  and  6  months  postdeployment*  Data  col¬ 
lected  at  6  months  postdeployment  were  not  analyzed 
here  because  of  reduced  follow-up  rates  and  insufficient 
number  of  symptom  cases.  A  priori  exclusions  were  34 
participants  without  an  index  deployment  and  66  of¬ 
ficers  who  were  significantly  older  (F  <  .011 1 )  and  had 
lower  combat  experience  scores  (P  <  *001)  than  enlisted 
participants.  Of  the  remaining  2500,  1829  completed 
the  3-month  postdeployment  assessment  and  were  eli¬ 
gible  for  analysis* 

Data  from  these  remaining  participants  were  exam¬ 
ined  for  any  hearing  difficulty  at  3  months  postde¬ 
ployment.  Tones  of  500,  1000*  3000,  and  6000  Hz 
were  presented  at  35  dB  (Grayson  Stadler  Audiometer, 
Eden  Prairie,  Minnesota).  This  screening  test  was  per¬ 
formed  to  ensure  participants  would  be  able  to  hear 
and  understand  study  assessments*  Preliminary  analy¬ 
ses  showed  that  the  6000-Hz  frequency  was  most  com¬ 
monly  missed;  however,  /2  tests  revealed  no  difference 
in  rates  of  tinnitus  for  this  group  compared  with  those 
who  missed  other  frequencies*  To  ensure  our  sample 
included  only  those  with  serviceable  hearing  within  con¬ 
versational  frequency  rangt\  we  excluded  116  participants 
who  failed  to  hear  frequencies  at  or  below  3000  Hz 
at  3  months  po.stdeployment.  Of  the  remaining  1713, 
66  were  missing  relevant  data  and  wfere  excluded  from 
analysis.  The  final  sample  for  this  study  included  1647 
participants* 

Measures 

Complete  MRS  methodology  has  been  reported 
previously.33  Descriptions  of  measures  relevant  to  this 
study  follow*  Demographic  information  (age,  ethnicity, 
race,  battalion)  was  collected  via  self-report  surveys  be¬ 
fore  deployment  and  was  included  in  analysis  as  poten¬ 
tial  co  variates.3-1*3  5 

Presence  of  tinnitus  was  assessed  before  deployment 
and  3  months  post  deployment  with  a  single  “yes/no” 
item  on  an  interview-assisted  questionnaire,  “Do  you 
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have  ringing  in  the  ears?*1  Participants  who  responded 
^yes”  as  having  ringing  in  the  ears  at  the  time  of  assess¬ 
ment  were  categorized  as  having  tinnitus.  Participants 
were  also  asked  whether  or  not  they  had  an  ear  infection 
at  the  time  of  assessment.  To  account  for  any  influence 
on  tinnitus  outcome,  the  presence  of  an  ear  infection  at 
the  3-month  postdeployment  assessment  was  tested  for 
any  significant  univariate  associations  with  postdeploy¬ 
ment  tinnitus. 

Head  injury  events  were  assessed  via  interview  before 
deployment  and  3  months  postdeployment.  Interview¬ 
ers  gathered  details  of  each  reported  injury,  including 
injury  cause  or  mechanism  and  symptom  severity.  Trau¬ 
matic  brain  injury  was  defined  as  any  head  injury  that 
resulted  in  loss  of  consciousness  or  altered  mental  status 
(ie,  dazed,  confused,  or  seeing  stars,  and/or  posttrau- 
matic  amnesia).36'3®  Mild  TBI  was  any  TBI  resulting 
in  a  loss  of  consciousness  of  less  than  30  minutes  and 
posttrau matic  amnesia  for  less  than  24  hours. '  !  Because 
the  time  between  predeployment  and  postdeploy  men  t 
assessments  was  broader  than  the  duration  of  the  de¬ 
ploy  mem,  nondeployment  TBIs  sustained  between  as¬ 
sessment  visits  {n  —  34)  were  included  in  analyses  to  ac¬ 
count  for  potential  effects  on  tinnitus,40,41  As  these  were 
a  small  minority,  for  succinct  communication,  all  TBIs 
sustained  between  predeployment  and  3-month  postde- 
ployment  assessments  are  labeled  ‘"deployment-related"1 
for  this  article. 

Posttrauma  tic  stress  symptoms  were  assessed  before 
deployment  and  3  months  postdeployment  using  the 
Clinician-Administered  PTSD  Scale42  in  accordance 
with  symptom  criteria  from  the  Diagnostic  and  Statis¬ 
tical  Manual  of  Mental  Disorders  (Fourth  Edition,  Text 
Revision).41  PTSD/panial  PTSD  group  classification  re¬ 
quired  exposure  to  a  traumatic  event  (ie,  actual  or  t  hreat- 
ened  death  or  serious  injury,  or  threat  to  physical  in¬ 
tegrity  to  self  or  others)  but  did  not  require  a  response 
of  extreme  fear,  helplessness,  or  horror*44*45  In  addition, 
PTSD  classification  required  at  least  1  recxperiencing 
symptom,  3  avoidance  symptoms,  and  2  hyperarousal 
symptoms;  partial  PTSD  classification  required  at  least  1 
recxperiencing  symptom  and  either  3  avoidance  symp¬ 
toms  or  2  hyperarousal  symptoms,4*  Symptoms  must 
have  occurred  at  least  once  within  the  past  month  (fre¬ 
quency  >1),  causing  at  least  moderate  distress  (intensity 
>2).47  Participants  with  partial  PTSD  and  PTSD  were 
evaluated  together  (n  —  200  at  predeployment;  n  —  341 
at  postdeployment}  to  examine  the  effects  of  clinically 
significant  symptoms  on  tinnitus, 

A  modified  16-item  version  of  the  Combat  Experi¬ 
ences  Scale  from  the  Deployment  Risk  and  Resilience 
Inventory43,4^  was  used  to  assess  combat  intensity  1 
week  after  deployment.  Item  responses  were  measured 
on  a  5-point  Likert  scale,  ranging  from  0  (never)  to 
4  (daily  or  almost  daily).  Total  scores  ranged  from 


0  to  64,  with  higher  scores  indicating  greater  combat 
intensity. 

Analysis 

Coniinuous  predictors  were  centered  prior  to  analysis. 
A  priori  analysis  of  variance  and  y1  tests  revealed  battal¬ 
ion  differences  in  predeploymeni  demographic  and  psy¬ 
chological  characteristics,  shown  in  Table  1.  Thus,  we 
included  battalion  as  a  covariate  to  correct  for  these  and 
any  other  unknown  battalion  differences  such  as  train¬ 
ing  schedules,  battalion  leadership  and  cohesion,  and 
timing  of  study  assessments.  Categorical  demographic 
predictors  were  dummy-coded  with  the  following  ref¬ 
erence  groups:  battalion  1,  white,  and  non-Hispanic. 
Reference  groups  for  categorical  diagnostic  predictors 
were  participants  with  no  prior  tinnitus,  no  FfSD,  and 
no  TBI. 

Presence  ofrinnirus  at  3  months  postdeployment  was 
the  dependent  variable  for  all  analyses.  Predictor  vari¬ 
able  selection  was  conducted  via  univariate  logistic  re¬ 
gression  analysis  ot  each  predictor  variable.5'1  Variables 
with  P  <  *2  associations  were  included  as  predictors  in 
the  frill  multivariate  analysis.  The  multivariate  analy¬ 
sis  tested  all  main  effects  and  all  2-way  interactions  be¬ 
tween  clinical  diagnostic  and  combat  exposure  variables. 
Sensitivity  analyses  tested  effects  of  TBI  characteristics, 
including  injury  mechanism  (blast  vs  nonblast),  sever¬ 
ity  (mild  vs  inode  rate/severe),  and  frequency  (single  vs 
multiple).  Significance  levels  for  3  sensitivity  analyses 
were  Bonferroni  adjusted  with  an  a  level  of  .017.  All 
data  analyses  were  performed  using  Statistical  Package 
for  Social  Sciences  (SPSS;  version  2 1.0). 51 

RESULTS 

Sample  characteristics 

Battalion  differences  in  demographic  and  psychoso¬ 
cial  variables  have  been  published  previously.53  Mean 
(SD)  age  of  participants  was  22.4  (3.36)  years.  Roughly 
84.7%  of  participants  were  white,  4.5%  were  African 
American,  and  10.9%  were  of  mixed  or  other  racial  de¬ 
scent.  The  majority  (78.5%)  was  non-Hispanic.  Approx¬ 
imately  74.3%  were  junior  enlisted  (ETE3),  and  44,6% 
were  deployed  prior  to  the  index  deployment.  Mean 
(SD)  combat  intensity  score  was  13.0  (1 1.1). 

Of  the  1647  participants,  219  (13.2%)  had  tinnitus 
before  f  He  index  deployment  and  250  (15.1%)  had  tin¬ 
nitus  after  deployment.  Ot  the  250  participants  with 
postdcploymcnt  tinnitus,  141  (56.4%)  had  new-onset 
tinnitus  and  109  (43,6%)  had  tinnitus  both  before  and 
after  the  index  deployment.  Observed  prevalence  of 
deployment-related  TBI  was  34.8%  for  those  with  new- 
onset  postdeployment  tinnitus  compared  with  17.4% 
for  those  with  no  pre-  or  postdcploymcnt  tinnitus 
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TABLE  1 


Battalion  differences  in  predeployme.nl  characteristics 


Battalion  1 
( n  =  232) 

Battalion  2 
(n  =  469) 

Battalion  3 
(n  =  501) 

Battalion  4 
(n  =  445) 

PradepJoyment  characteristic3 

Age,  mean  (SD),  y 

21.4  (2.6) 

22.1  (3  5) 

22.9  (3.31 

22.8(3,5) 

%  Non-Hispanic 

78 

81,4 

73.3 

76,3 

%  White 

84,5 

87  4 

83  4 

83  2 

%  Rank  E1-E3 

81.5 

81  8 

73  6 

62,5 

%  Prior  deployed 

50,4 

43.9 

42.9 

43,6 

%  TBI 

62.9 

60.3 

55.9 

48.5 

%  Tinnitus 

3.9 

16.2 

22.0 

5,4 

Assessment  scores,  mean  (SD) 

CAPS 

15  8(14.8) 

15.0(13,6) 

14.7  (15.31 

13  6(14.6) 

Childhood  trauma 

40.0(13,0) 

38.9  <12.51 

38.4(12.0) 

42.1  (14.8) 

SF-12  Physical  Health 

54.6  (5.6) 

53.7  (6.81 

54.2  (6.0) 

53.7  (6.2) 

SF-12  Mental  Health 

49.2  (8.4) 

48.9  (9.4) 

49.9  (8.4) 

50.5(8.1) 

Abbreviations:  CAPS,  Clinician-Administered  PTSD  Scale;  E1-E3,  junior  enlisted;  PTSD,  posttraumatic  stress  disorder;  SF42,  12Htem 
Short  Form  Health  Survey;  TBI,  traumatic  brain  injury. 

3Small  but  significant  differences  in  age  (F3  =  13.5;  001;  ^ pz  =  0  02},  ethnicity  =  9*4;  P<  05:  ^  ^  0  08},  rank  <x|  -  52.1, 

P  <  .001;  tp  —  0,12),  predeployment  TBI  (y|  ~  18  2;  P  <  .001;  tp  =  04  0),  predeployment  tinnitus  tx|  =  78.0;  Pc  001;  ^  =  0  22), 
childhood  trauma  score  (F3  -  7.4;  P  <  .001;  r/p3  =  0.01).  and  SF  12  Physical  Health  score  {p3  =  1.5;  P<  .01;  jjp7  -  0  003)  and  Mental 
Health  score  1^  =  29;  P  <  .05;  -  0  005).  There  were  no  significant  battalion  differences  for  the  current  sample  in  race,  prior 

deployments,  or  predeployment  CAPS  total  symptom  score. 


(x\  —  24  J;  P  <  .0001;  tp  —  0.13).  Before  deploy¬ 
ment,  195  (1 1,8%)  had  partial  PTSD  or  PTSD  and  907 
(55*1%)  had  previously  sustained  TBI.  After  prcdeploy- 
rrent,  336  (20.4%)  had  partial  PTSD  or  PTSD  at  their 
3 -month  postdeploy ment  assessment  and  316  (19.2%) 
sustained  deployment-related  TBI.  Prevalence  of  TBI- 
related  characteristics  before  and  after  the  index  deploy¬ 
ment  h  shown  in  Table  2*  Of  the  1015  participants  who 
reported  TBI  at  either  assessment  visit,  S25  (813%)  had 
mild  TBI,  648  (63.8%)  sustained  injuries  from  nonblast 
events,  and  415  (40.9%)  sustained  only  1  TBI  across 
assessment  visits. 


Univariate  predictor  selection 

Univariate  test  results  are  shown  in  Tabic  3,  Post¬ 
deployment  tinnitus  was  significantly  associated  with 
battalion  membership  ( P  <  .01),  and  those  with  tin¬ 
nitus  were  more  likely  to  be  non-Hispanic  (81.2%  vs 
76+4%)  and  white  (88,6%  vs  84%)  than  those  without 
tinnitus.  Participants  with  postdeployment  tinnitus  were 
more  likely  to  have  had  prior  tinnitus  (43*6%  vs  7.9%), 
prior  TBI  (63.6%  vs  54.8%),  and  prior  partial  PTSD 
or  PTSD  (9.6%  vs  5.4%).  Those  with  postdeployment 
tinnitus  also  had  higher  combat  intensity  scores  (mean 
[SD|  —  15.9  [12.7]  vs  12.5  [10.71)  and  had  higher  rates  of 


TABLE  2 


Rates  of  TBI  reported  pre-  and  post  deployment 


TBI  characteristic 

Predeployment 
(n  =  907) 

Postdeployment3 

1/1  =  316) 

Total1* 

(Af  =  1015) 

%  Mechanism 

Nonblast 

824 

20,9 

63.8 

Blast 

17.6 

794 

36.2 

%  Seventy' 

Mild 

82.2 

88,0 

81,3 

Moderate/severe 

13.8 

11,1 

15,5 

%  Frequency 

Single 

44,7 

66.8 

40,9 

Multiple 

55,3 

33.2 

594 

Abbreviation  TBI,  traumatic  brain  injury 

61  Postdeployment  reports  of  TBI  include  all  deployment-related  TBIs  (n  =  282)  and  nondeployment  TBIs  sustained  between  pre-  and 
post  deployment  assessments  (n  —  34},  There  were  no  significant  differences  between  deployment  and  nondeployment  TBIs;  thus, 
nondeployment  TBIs  were  included  in  the  analysis  to  account  for  any  potential  effects  on  tinnitus. 

LTotal  number  of  participants  with  TBI  characteristic  across  pre-  and  postdeployment  visits 
Percentages  may  not  sunn  to  100%  due  10  missing  data 
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Variable  .selection  via 

tin  Ivor  iute  logistic 

regression 

3  mo  postdeployment 

No  tinnitus 

Tinnitus 

Variable 

(n=  1397) 

{it  =  250) 

P 

Demographic 

Age,  mean  {SDK  y 

22,6  (3*4) 

22.3  13*  U 

.620 

%  Battalion5 

.002 

Battalion  1 

15.1 

8.4 

Battalion  2 

27.0 

36,8 

Battalion  3 

31  1 

26.3 

Battalion  4 

26.8 

28.0 

%  Non-Hfspanic 

76.4 

81  2 

.095 

%  Whueb 

84.0 

88.6 

.064 

%  Rank  E1-E3 

Predeployment 

74.3 

72,8 

.618 

%  Tinnitus 

7.9 

43.6 

000 

%  Partial  PTSD  or  PTSD* 

5.4 

9.6 

.070 

%  History  of  TBI 

Deployment 

54.8 

63,6 

010 

Combat  Intensity/3  mean  (SDj 

12,5  (10  7) 

15  9  D  2.7) 

000 

%  TBI 

17,5 

31  6 

.000 

Postdeployment 
%  Partial  PTSD  or  PTSD* 

18.6 

32.4 

.000 

%  bar  infection 

1.4 

1.2 

.774 

Abbreviations:  E1-E3,  junior  enlisted;  PTSD,  posttraumatic  stress  disorder;  T Bl,  traumatic  brain  injury. 

^Cohort  sizes  are  232  in  battalion  1,  469  in  battalion  2r  501  in  battalion  3,  and  445  in  battalion  4,  Demographic  and  psychiatric  differences 
across  battalions  have  been  published  previously.33 

h  African  Americans  constituted  roughly  5.0%  of  participants  with  no  postde  ploy  men  t  tinnitus,  1  6%  of  those  with  postdeployment 
tinnitus,  and  4,5%  of  all  participants, 

'  Of  the  participants  without  postdeployment  tinnitus,  approximately  7.5%  had  partial  PTSD  before  deployment  and  4,2%  had  PTSD 
Of  the  participants  with  postdeployment  tinnitus,  9,6%  had  partial  PTSD  before  deployment  and  6  0%  had  PTSD 
,dMean  (SDS  combat  intensity  score  across  afl  participants  in  this  sample  was  13,0  (1  1,1). 

<fOf  the  participants  without  postdeployment  tinnitus,  approximately  13.2%  had  partial  PTSD  after  deployment  and  5  4%  had  PTSD. 
Of  the  participants  with  postdeployment  tinnitus,  22  B%  had  partial  PTSD  after  deployment  and  9.6%  had  PTSD 


deployment  TBI  (31.6%  vs  17.5%)  and  postdeployment 
partial  PTSD  or  PTSD  (32,4%  vs  18.6%).  Participants 
with  and  without  postdeployment  tinnitus  did  not  dif¬ 
fer  as  a  function  of  age,  rank,  or  car  infection. 

Multivariate  analysis 

Variables  with  univariate  associations  with  postdc- 
ployment  tinnitus  [P  <  .2)  were  selected  for  the 
multivariate  model*  Demographic  variables  were  bat’ 
talion,  ethnicity,  and  race;  clinical  diagnostic  and 
deployment-related  variables  were  prior  tinnitus,  prior 
and  deployment-related  TBI,  combat  intensity,  and 
prior  and  postdeployment  partial  PTSD/PTSD* 

Results  of  the  multivariate  model  arc  shown  in 
Table  4*  There  was  a  significant  association  between 
battalion  and  postdeployment  tinnitus  (P  <  .01),  with 
battalion  2  increasing  the  likelihood  of  postdeployment 
tinnitus  by  a  factor  of  2*01  (P  <  *02)  compared  with 
battalion  1.  Prior  tinnitus  and  prior  TBI  independently 
increased  the  likelihood  of  postdeployment  tinnitus  by 


factors  of  27.44  (P  <  ,001)  and  1,86  (P  <  .02),  respec¬ 
tively,  and  showed  significant  interaction  (P<  .01).  Post 
hoc  comparisons  revealed  that  prior  TBI  significantly 
increased  the  likelihood  of  postdeployment  tinnitus  for 
those  without  prior  tinnitus  (odds  ratio  =1*86;  95%  con¬ 
fidence  interval  [Cl],  1*28-2*70)  but  not  for  those  with 
prior  tinnitus  (odds  ratio  ~  0*59;  95%  Cl,  0*34-1*02). 
Deployment-related  TBIs  increased  the  likelihood  of 
postdeployment  tinnitus  by  a  factor  of 2. 65  (P<  *02).  As 
expected,  there  was  no  significant  interaction  between 
deployment-related  TBI  and  prior  tinnitus. 

Neither  combat  intensity  nor  partial  PTSD/' PTSD  was 
significantly  associated  with  postdeploy  men  z  tinnitus* 
The  nonsignificant  effect  of  PTSD  was  confirmed  via  2 
post  hoc  analyses  that  tested  (t)  the  combined  effects  of 
pre-  and  postdeployment  partial  PTSD /PTSD  as  a  single 
diagnostic  predictor,  and  (2)  the  effects  of  pre-  and  post¬ 
deploy  mem  PTSD,  excluding  participants  with  partial 
PTSD.  Furthermore,  2  additional  post  hoc  analyses  (3) 
including  participants  with  any  hearing  difficulty  within 
the  500-  to  3000-Hz  range  (n  =  116),  and  (4)  excluding 
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Table  4 


Multivariate  logistic  regression  predicting  post  deployment  tinnitus 


Variable 

CoeT 

SE 

P 

OR 

95%  Cl  for  OR 

Intercept 

-2.96 

0,33 

Battalion,  main  effect 

000 

Battalion  2 

0  70 

0.29 

.014 

2.01 

1.15-3.51 

Battalion  3 

-0.48 

0.31 

129 

0.62 

0.34-1.15 

Battalion  4 

0,07 

0.33 

,838 

1.07 

0.56-2.04 

Ethnicity5 

’040 

0,21 

.051 

0,67 

0.39-1.14 

Race11 

-0.12 

0,24 

.609 

0,89 

0.48-1.63 

Predeployment  partial  PTSD 

0.76 

0.51 

,138 

2  13 

0.78-5.77 

Predeployment  tinnitus 

3.31 

0.32 

000 

27.44 

14,55-51  75 

Predeployment  TBI 

0.62 

0.25 

013 

1 .86 

1.14-3.04 

Predeployment  TBI  x 

-1  15 

0.37 

.002 

0.32 

0  15-0.65 

predeployment  tinnitus 

TBI  without  predeployment 

0  62 

0.19 

,001 

1.86 

1 .28-2.70 

tinnitus 

TBI  with  predeployment  tinnitus 

-0  53 

0.28 

057 

059 

0.34-1.02 

Combat  intensity,  centered 

0,01 

0,02 

.424 

1.01 

0.98-1.05 

Deployment  TBF 

0  97 

0.41 

,017 

2.65 

1.19-5.89 

Postdeployment  partial  PTSD 

0.44 

0.41 

.285 

1  55 

0.70-3.44 

Abbreviations:  Cl,  confidence  interval,  ORh  odds  ratio;  PTSD,  posttraumatic  stress  disorder;  SE+  standard  error;  TBI,  traumatic  brain 
injury* 

a  Results  are  reported  for  Hispanics  compared  with  non- Hi  spa  rues  (reference  group), 
b  Results  are  reported  for  non-whites  compared  with  whites  (reference  group) 

c  There  were  no  significant  differences  between  deployment  and  nondeploy  merit  TBIs  sustained  between  pre-  and  postdeployment 
assessments  (n  -  36},  Nondeployment  TBIs  were  included  in  the  analysis  to  account  for  any  potential  effects  on  tinnitus40,41 


participants  with  any  hearing  difficulty  within  the  full 
500-  to  6000-Hz  range  (n  =  209)  did  not  alter  model 
outcomes. 

Sensitivity  analyses 

Table  5  shows  results  of  sensitivity  analyses  of 
TBI  mechanism  {blast  vs  nonblast),  severity  (mild  vs 
moderate/severe),  and  frequency  {single  vs  multiple)  on 
the  likelihood  of  postdeployment  tinnitus.  Variables  for 
TBI  were  collapsed  across  pre-  and  postdeployment  be¬ 
cause  the  small  number  of  nonblast  and  moderate-severe 
TBIs  caused  problems  with  model  convergence. 

There  was  a  main  effect  of  TBI  mechanism  on  post- 
deployment  tinnitus  (Pc  .01)  as  well  as  an  interaction 
with  prior  tinnitus  [P  <  ,01).  For  those  with  no  prior 
tinnitus,  nonblast  and  blast  TBis  significantly  increased 
the  likelihood  of  post  deployment  tinnitus  by  factors  of 
1.91  (95%  Cl,  1,20-3.32)  and  2,93  (95%  Cl,  1.82-6,17), 
respectively.  For  those  with  prior  tinnitus,  TBI  mecha¬ 
nism  had  no  effect  on  postdeploymenl  tinnitus. 

There  was  a  significant  interaction  between  TBI  sever¬ 
ity  and  prior  tinnitus  (P  c  .01).  For  those  with  no  prior 
tinnitus,  mild  and  moderate/severe  TBis  significantly 
increased  the  likelihood  of  posLdcployment  tinnitus  by 
factors  of  1.99  (95%  Cl,  1.29-3.62)  and  2 22  (95%  Cl, 
1.22*3.40),  respectively.  For  those  w'ith  prior  tinnitus, 
TBI  severity  had  no  effect  on  postdeployment  tinnitus. 


Finally,  there  was  a  main  effect  of  TBI  frequency  (P  < 
.02)  and  a  significant  interaction  between  frequency  and 
prior  tinnitus  (P<  .01).  For  those  with  no  prior  tinnitus, 
a  single  TBI  increased  the  likelihood  of  tinnitus  outcome 
by  a  factor  of  179  (95%  Cl,  1.09-2.97)  and  multiple  TBis 
increased  the  likelihood  by  a  factor  of  2.27  (95%  Cl, 
1.44*4.24).  For  those  with  prior  tinnitus,  TBI  frequency 
had  no  effect  on  postdeployment  tinnitus. 

DISCUSSION 

In  our  model,  prior  tinnitus  and  TBI  were  each  in¬ 
dependently  associated  with  postdeployment  tinnitus. 
Prevalence  of  tinnitus  was  13.2%  before  deployment 
and  15.1%  after  deployment,  with  8.6%  new-onset  post¬ 
deployment  tinnitus.  Rates  of  pre-  and  postdeployment 
tinnitus  are  consistent  with  prior  reports  of  a  prevalence 
of  15.6%  in  soldiers  deployed  to  Iraq.52  Prior  tinnitus 
occurred  in  roughly  43.6%  of  participants  with  postde- 
ploymcnt  tinnitus.  Interestingly,  not  all  those  with  prior 
tinnitus  sustained  the  symptom  postdeployment.  Of  the 
219  participants  with  prior  tinnitus,  110  (50.2%)  were 
asymptomatic  after  the  index  deployment.  Of  these, 
67.3%  sustained  TBI  prior  to  the  index  deployment*  Tin- 
nitus  for  these  participants  may  be  an  acute  symptom 
from  prior  TBis  that  diminished  over  time.  In  addition, 
those  who  were  asymptomatic  after  deployment  had 
lower  rates  ol  deployment-related  TBI  (19.1%  vs  27.5%) 
and  lower  mean  combat  intensity  (11.5  vs  14.5}  than 
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TABLE  5 


Sensitivity  analyses  ofTBI  characteristics11  on  postdeployment  tinnitus 


TBI  characteristic 

Prior 

tinnitus 

Coef. 

SE 

OR 

95% 

Cl  for  OR 

Mechanism 

Nonblast 

No 

0.65 

0.24 

1JB 

1  20-3.32 

Nonblast 

Yes 

-0.88 

0.33 

0.42 

0.22-1  24 

Blast 

No 

1  07 

0.24 

2.93 

1.82-6.17 

Blast 

Yes 

-0.09 

0,35 

0.92 

0.46-1 .59 

Severity 

Mild 

No 

0.69 

0.22 

1,99 

1  29-3.62 

Mild 

Yes 

0.61 

0.30 

0,54 

0.30  1  35 

Moderate/severe 

No 

0.80 

0.30 

2.22 

1  22-3,40 

Moderate/severe 

Yes 

-0,26 

0.50 

0,77 

0.29-1,34 

Frequency 

Single 

No 

0.58 

0,25 

1.79 

1.09-2  97 

Single 

Yes 

-0.97 

0,39 

0,38 

0,18-1.20 

Multiple 

No 

0,82 

0,23 

2,27 

1.44-4.24 

Multiple 

Yes 

-0,46 

0.31 

0.63 

0.34-1 .41 

Abbreviations:  Cl.  confidence  interval;  OR.  odds  ratio;  SE.  standard  error;  TBI.  traumatic  brain  iniury 

aFor  all  sensitivity  analyses.  TBIs  were  collapsed  across  pre-  and  postdeployment  visits  because  of  the  small  number  of  deployment- 
related  nonblast  TBIs  and  moderate/severe  TBIs  causing  problems  with  model  convergence 


those  with  both  prc-  and  post  deployment  tinnitus.  Al¬ 
ternatively,  some  participants  may  have  had  intermittent 
tinnitus  that  was  not  present  after  die  index  deployment. 

Traumatic  brain  injury  sustained  before  the  index  de¬ 
ployment  increased  die  likelihood  of  new-onset  post¬ 
deployment  tinnitus,  suggesting  that  a  history  of  TB1 
may  be  a  risk  factor  for  tinnitus  for  those  with  no  prior 
symptoms.  As  44,6%  of  our  participants  were  deployed 
prior  to  their  index  deployment,  tinnitus  and  TBI  symp¬ 
toms  reported  at  the  predeployment  assessment  may  be 
attributable  to  prior  deployments.  Independent  of  any 
prior  tinnitus,  those  with  deployment-related  TBI  were 

2.7  times  as  likely  to  report  tinnitus  after  deployment 
compared  with  those  with  no  TBI.  Furthermore,  preva¬ 
lence  of  deployment-related  TBI  was  significantly  higher 
for  those  with  new-onset  postdeployment  tinnitus  than 
those  with  no  pre-  or  postdeployment  tinnitus.  These 
findings  are  consistent  with  those  of  previous  cross- 
sectional  studies  that  show  associations  between  TBI 
and  tinnitus  and/or  hearing  difficulty.29, 30,53,54 

Tinnitus  was  associated  with  TBI  characteristics.  Con¬ 
sistent  with  prior  cross-sectional  studies  showing  higher 
rates  of  tinnitus20  and  hearing  problems2**  following 
blast  versus  nonbbst  injuries,  postdeployment  tinnitus 
was  nearly  twice  as  likely  for  those  with  nonblast  TBI 
and  nearly  3  times  as  likely  for  those  with  blast  TBI  com¬ 
pared  with  those  with  no  TBI,  In  addition,  tinnitus  was 

1 .8  times  as  likely  aftera  single  TBI  and  2.3  times  as  likely 
after  multiple  TBIs  compared  with  tinnitus  occurrence 
in  those  with  no  TBI.  Furthermore,  new-onset  postde- 
ployment  tinnitus  was  1.9  times  as  likely  tor  those  with 
mild  TR!  and  22  times  as  likely  for  those  with  moder¬ 


ate/severe  TBL  These  results  suggest  a  dose-response  re¬ 
lationship  between  TBI  characteristics  and  tinnitus  such 
that  more  numerous  and  more  severe  injuries  increase 
the  risk  of  tinnitus. 

This  study  found  no  associations  between  tinnitus 
and  PTSD  or combat  intensity;  thus,  associations  ofTBI 
with  tinnitus  cannot  be  attributed  to  psychiatric  symp¬ 
toms  or  other  environmental  factors.  These  results  are 
contrary  to  previous  findings  that  suggest  that  tinnitus 
may  be  associated  with  exposure  to  harsh  sounds  from 
firearms,  artillery,  and  mechanized  equipment  during 
deployment,15  as  well  as  long-term  stress  including 
emotional  exhaustion,55  fatigue,56  and  PTSD,57  In  one 
study,5**  75%  of  participants  with  PTSD  had  tinnitus 
whereas  only  15.9%  of  those  without  PTSD  reported  tin¬ 
nitus.  However,  this  was  a  retrospective  study  and  there 
was  a  large  cultural  overlay  in  which  tinnitus  was  thought 
to  indicate  “soul  loss.”  Causes  of  the  onset  of  tinnitus, 
such  as  head  trauma,  noise-induced  hearing  loss,  or 
prior  ear  infections,  were  not  addressed  in  that  study, 5K 
Nevertheless,  neural  pathways  damaged  in  TBI-related 
tinnitus  may  differ  from  those  Impacted  by  psychologi¬ 
cal  stress.  Emotional  or  psychological  distress  associated 
with  tinnitus  has  been  shown  to  activate  a  neural 
network  involving  the  anterior  cingulate  cortex,  insula, 
hypothalamus,  and  amygdala.>9  This  same  network 
has  been  implicated  in  other  perceptual  disorders  such 
as  phantom  limb  pain  and  may  reflect  the  nonspecific 
influence  of  psychological  distress. 59  Further  investiga¬ 
tion  is  needed  to  determine  whether  neural  networks 
associated  with  stress -related  tinnitus  are  distinct  from 
TBI-induced  tinnitus. 
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Neural  changes  following  cochlear  trauma  have 
been  demonstrated  using  acoustically  evoked  dis¬ 
charge,  otoacoustic  emissions,  protein  expression,  and 
neuroimaging-27*60  65  The  initial  shock  wave  from  a 
blast  leads  to  shearing  of  tissues,2*  directly  injuring  the 
cochlea  and  leading  to  an  inflammatory  response  with 
subsequent  neural  degeneration.2*  Animal  models  of 
TB1  demonstrate  loss  of  ribbon  synapses  from  inner 
hair  cells  to  the  auditory  nerve  in  mild  cases  and  then 
deterioration  of  outer  hair  cells  of  the  cochlea,  lead¬ 
ing  to  altered  auditory  nerve  activity.66  Upregularion  of 
BDNF  (brain-derived  nerve  growth  factor),  a  modula¬ 
tor  of  neuronal  plasticity,  is  noted  in  spiral  ganglion 
neurons  and  intracranial! y,  and  the  spontaneous  dis¬ 
charge  rate  of  auditory  fibers  increases  as  a  result  of 
acoustic  trauma,62  These  changes  accompany  enhanced 
subcortical  dislnhibifion  in  the  brainstem  and  inferior 
colliculus,67  Disinhibition  and  prolonged  excitation  oc¬ 
cur  along  the  tonotopic  map  of  the  auditory  cortex  im¬ 
mediately  following  a  loud  sound.68  Neural  activity  of 
the  central  auditory  system,  including  reorganization  of 
the  cortical  tonotopic  map,  is  associated  with  an  imbal¬ 
ance  between  excitation  and  inhibition  in  the  auditory 
pathway,64  These  studies  suggest  immediate  changes  in 
expression  of  excitatory  and  inhibitory  neurotransmit¬ 
ters  and  increased  spontaneous  signal  transmission  to 
the  dorsal  cochlear  nucleus  in  the  brainstem.  Along  with 
multiple  bio  markers  of  neural  plasticity  in  the  cochlea 
and  auditory  tract  and  nuclei,  there  is  a  reorganization 
of  frequency  representation  in  the  dorsal  cochlear  nu¬ 
clei  and  inferior  colliculus  and  a  long-term  change  in 
the  temporal  pattern  of  neural  activity.  In  animal  stud’ 
ics,  these  neural  alterations  continue  for  at  least  I  month 
following  acute  noise  injury.17*67 

In  addition,  functional  magnetic  resonance  imag¬ 
ing  and  positron  emission  tomography  studies  show 
that  tinnitus  is  associated  with  increased  activity  in  the 
frontal  lobe,  limbic  system,  and  auditory  association  cor¬ 
tex  and  show  asymmetry  in  the  primary  auditory  cor¬ 
tex  and  metabolic  asymmetry  between  hemispheres.64 
Magnetoencephalography,  which  measures  spatial  and 
temporal  neural  activity,  has  identified  activity  between 
the  anterior  cingulum  and  right  frontal  cortex  corre¬ 
lating  with  tinnitus  distress,69  although  it  is  unclear 
whether  differences  in  patterns  are  more  related  to 
hearing  loss  or  tinnitus,70  Future  studies  should  ad¬ 
dress  the  specific  pathophysiology  of  TBI-induccd  tin¬ 
nitus  to  ascertain  any  differences  from  noise-induced 
injury, 

Several  study  limitations  warrant  consideration.  Self- 
reported  symptoms,  including  reports  of  TB1,  PTSD, 
and  tinnitus,  are  subject  to  bias  and  mi sclassifi cation 
errors,  thus  limiting  causal  inference.  Our  tinnitus  mea¬ 
surement  did  not  capture  symptom  severity,  duration, 
or  functional  impact,  all  of  which  may  have  important 


clinical  implications24  and  should  be  explored  in  fu¬ 
ture  studies.  Although  it  was  made  dear  to  participants 
that  their  individual  responses  and  data  would  be  kept 
confidential  and  would  not  be  reported  to  their  com¬ 
mand,  participants  may  still  have  had  concerns  regard¬ 
ing  the  impact  of  reporting  PTSD  and  tinnitus  symp¬ 
toms  on  theircarccrs  or  future  disabilities  compensation. 
It  should  be  noted  that  information  obtained  via  self- 
report  and  interview  was  not  relevant  for  research  study 
compensation.  A  post  hoc  analysis  that  excluded  those 
with  partial  PTSD  did  not  alter  study  findings;  therefore, 
it  is  unlikely  that  the  inclusion  of  partial  PTSD  diluted 
any  potential  effects  of  PTSD  on  tinnitus. 

In  addition,  our  hearing  evaluation  was  not  intended 
to  detect  hearing  loss  above  6000  Hz  but  ensured  that 
participants  had  normal  hearing  within  conversational 
frequency  range  (500-3000  Hz  at  35  JR).  A  more  thor¬ 
ough  audiometric  examination  was  not  possible  due  to 
ethical  constraints.  Finally,  our  data  are  from  an  all-male 
cohort  of  military  service  members,  many  of  whom  ex¬ 
perienced  repeated  blast  exposure;  ihus,  results  may  not 
be  generalizable  to  civilian  populations,  although  ihey 
are  likely  genera lizable  to  other  military  groups. 

Despite  these  limitations,  our  prospective,  longitudi¬ 
nal  data  suggest  that  TB1  may  be  a  significant  risk  factor 
for  new-onset  tinnitus.  Furthermore,  risk  of  tinnitus  is 
higher  for  blast  TBIs  than  for  nonblast  TBIs  and  in¬ 
creases  with  injury  sc  verify  and  Frequency,  Our  findings 
provide  support  for  the  use  of  TBI  assessments  as  po¬ 
tential  screening  tools  for  tinnitus,  particularly  for  those 
exposed  to  explosive  devices.  Blast  head  trauma  may 
be  a  different  clinical  entity  than  tinnitus  from  blunt 
head  trauma  and  should  be  treated  differently,  [n  the 
closely  related  vestibular  system,  military  service  mem¬ 
bers  with  blast  head  injury  demonstrated  longer  latency 
times  on  motor  control  testing  than  those  with  mild  TBI 
post-blunt  head  trauma.  Blast  exposure  appears  to  pro- 
duce  a  more  global  injury  pattern,  whereas  closed  blunt 
head  injury  in  the  mouse  mode!  shows  more  focal  brain 
injury.71*72 

Notably,  this  study  did  not  find  an  association  be¬ 
tween  PTSD  and  tinnitus.  Traumatic  brain  injury- 
induced  tinnitus  in  tins  population  may  be  a  nonso- 
matoform  diagnosis  with  distinct  pathophysiology  and 
should  be  addressed  by  referral  from  primary  care  early 
in  the  treatment  of  TBI.  Early  treatment  may  influence 
the  neural  alterations  noted  in  cochlear  and  cranial  stud¬ 
ies  immediately  following  injury.  Although  treatment 
modalities  arc  beyond  the  scope  of  this  article,  both 
medications  and  cognitive  therapy  have  shown  promise 
in  taking  advantage  of  neuroplastidty  to  “redirect*  neu¬ 
ral  circuits  during  the  repair  phase  after  injury/766  Imag¬ 
ing  studies  that  measure  spatial  and  temporal  neural  ac¬ 
tivity  may  lead  to  a  better  understanding  and  ultimately 
treatment  of  this  ubiquitous  symptom. 
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Psychophysiology  in  the  Study 
of  Psychological  Trauma:  Where  Are 
We  Now  and  Where  Do  We  Need  to  Be? 


D.T.  Acheson,  M.A.  Geyer  and  V.B.  Kisbrough 


Abstract  Post! rau malic  stress  disorder  (PTSD)  is  a  major  public  health  concern, 
which  has  been  seeing  increased  recent  attention  partly  due  to  the  wars  in  Iraq  and 
Afghanistan.  Historically,  research  attempting  to  understand  the  etiology  and 
treatment  of  PTSD  has  made  frequent  use  of  psyehophysiologieal  measures  of 
arousal  as  they  provide  a  number  of  advantages  in  providing  objective,  non-self- 
report  outcomes  that  are  closely  related  to  proposed  neurobio  logical  mechanisms 
and  provide  opportunity  for  cross-species  translation.  Further,  the  ongoing  shift  in 
classification  of  psychiatric  illness  based  on  symptom  clusters  to  specific  biological, 
physiological,  and  behavioral  constructs,  as  outlined  in  the  US  National  Institute  of 
Menial  Health  (NIMH)  Research  Domain  Criteria  project  (RDoC),  promises  that 
psychophysiologieul  research  will  continue  to  play  u  prominent  role  in  research  on 
trauma-related  illnesses.  This  review  focuses  on  the  current  state  of  the  knowledge 
regarding  psychophysio  logical  measures  and  PTSD  with  a  focus  on  physiological 
markers  associated  with  current  PTSD  symptoms,  as  well  as  markers  of  constructs 
thought  to  be  relevant  to  PTSD  symptomatology  (safety  signal  learning,  fear 
extinction),  and  psychophysiologieul  markers  of  risk  for  developing  PTSD  fol¬ 
lowing  trauma.  Future  directions  and  issues  Tor  the  psychophysiologicaJ  study  of 
trauma  including  traumatic  brain  injury  (TBI),  treatment  outcome  studies,  and  neu 
wearable  physiological  monitoring  technologies  are  also  discussed. 
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dermal  response  *  TBI 
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1  Introduction 

Posttrau malic  stress  disorder  (PTSD)  is  a  major  public  health  concern  with  lifetime 
prevalence  rates  in  the  USA  estimated  to  be  6.8-1 2.2  %,  and  12-month  prevalence 
rates  estimated  to  he  3.5  %  (Breslau  2009).  Due  lo  the  wars  in  Iraq  and  Afghanistan, 
PTSD  has  received  significant  attention  in  the  past  10-13  years,  in  leans  of  both 
popular  media  coverage  and  funds  directed  toward  its  research.  This  attention  is 
warranted,  given  that  rates  of  PTSD  have  increased  in  service  members  by  656  % 
since  2001  and  the  cost  to  the  US  Department  of  Defense  (DoD)  for  treating  these 
service  members  doubled  helween  2007  and  2012  (Blakeley  and  Jansen  2013  Con¬ 
gressional  Research  Service  Report).  In  addition,  it  is  important  to  note  that  PTSD 
affects  more  than  just  combat  veterans  and  occurs  in  civilians  following  physical 
and  sexual  assaults,  forced  captivity,  muggings/robberies,  motor  vehicle  accidents, 
natural  disaster,  and  life-threatening  illness  among  other  events  (Breslau  2009).  The 
DSM-IV  classification  of  PTSD  consisted  in  exposure  to  the  traumatic  event,  as  well 
as  3  clusters  of  symptoms:  re-experiencing,  avoidance  and  numbing,  and  hyper¬ 
arousal.  With  the  recent  publication  of  DSM-5,  the  definition  has  expanded  into  4 
symptom  clusters:  intrusion,  avoidance,  negative  alterations  in  cognitions  and  mood, 
and  alterations  in  arousal  and  reactivity.  This  expansion  recognizes  broader,  more 
heterogeneous  symptom  expressions  (such  as  dysphoria  and  anger)  while  allowing 
for  more  dynamic  changes  in  arousal  and  reactivity.  Current  treatments  for  PTSD  are 
mainly  psychotherapy  based  (e.g.,  exposure  therapy  and  cognitive  therapy).  Phar¬ 
macological  treatments,  such  as  serotonin-selective  and  serotonin -norepinephrine 
reuptake  inhibitors  (SSRI/SNRIs),  have  also  achieved  modest  efficacy  (Committee  on 
treatment  of  posttrau  mafic  stress  disorder  IoMotNA  2007). 

There  is  a  clear  need  for  the  development  of  novel  preventive  and  therapeutic 
treatment  strategies  for  PTSD  via  increased  understanding  of  etiological  and 
maintaining  factors  of  the  disorder  (Baker  et  al.  2009).  To  this  end,  there  is  a  new' 
focus  on  utilization  of  biological,  physiological,  and  behavioral  tools  to  enable  a 
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“paradigm  shift”  from  sole  reliance  on  self-report  measures  to  assess  symptom 
status  and  diagnosis  for  psychiatric  disorders  such  as  PTSD,  The  US  National 
Institute  of  Mental  Health  (NIMH)  Research  Domain  Criteria  project  (RDoC) 
represents  a  framework  for  research  in  this  area,  with  an  emphasis  on  developing  a 
diagnostic  classification  scheme  based  upon  valid  observable  markers  of  common 
biological  processes  across  the  range  of  currently  identified  diagnostic  categories. 
The  negative  valence  system  (NVS)  domain  suggested  by  the  NIMH  contains  the 
constructs  of  acute  threat  of  “fear.”  potential  harm  or  “anxiety,”  and  sustained 
threat.  The  201 1  NVS  working  group  meeting  identified  many  of  the  physiological 
measures  reviewed  below  as  important  research  tools  for  understanding  these 
constructs.  Psych ophysi olog i c a  1  measures  may  have  utility  as  static  markers  of 
these  constructs,  as  well  as  dynamic  markers  of  change  enabling  the  elucidation  of 
the  roles  of  learning  and  memory  processes  in  the  expression  of  these  constructs. 
Thus,  psychophysio  logical  measures  are  poised  to  play  an  important  role  in  the 
future  understanding  of  mental  illness  generally,  and  traumatic  stress-related  dis¬ 
order  characterized  by  negative  valence  states  more  specifically. 

Psychophysiological  outcome  measures  have  a  number  of  advantages  in  neu- 
ropsychiatric  research.  (I)  Psychophysiological  measures  provide  objective,  non- 
self-report  outcomes  and  thus  are  less  subject  to  bias  by  the  subject  and/or 
researcher.  (2)  Physiological  measures  are  quantifiable.  (3)  Compared  to  self-report 
symptom  scales,  physiological  measures  may  represent  more  discrete  symptom 
domains  that  probe  specific  neurobiolog ical  pathways  enabling  mechanistic  study 
of  neurobiological  abnormalities  underlying  symptoms.  (4)  Physiological  measures 
enable  cross-species  translation  to  examine  causal  mechanisms  of  psych opliysio- 
logieal  abnormalities  linked  to  trauma  exposure  that  cannot  be  achieved  with  self- 
report  measures.  The  current  manuscript  will  review  the  current  state  of  knowledge 
on  psychophysiological  outcomes  in  PTSD  with  attention  to  their  use  as  markers  of 
current  symptoms  as  well  as  markers  of  PTSD- related  processes.  We  will  also 
discuss  these  variables  in  terms  of  their  sensitivity  and  selectivity  for  PTSD 
symptoms  versus  other  anxiety  and  mood  disorders  and  co morbid  disorders  such  as 
traumatic  brain  injury  (TBI).  Further,  we  will  discuss  potential  future  avenues  lor 
integrating  psychophysiology  inn)  emerging  areas  of  PTSD  research.  We  have 
limited  our  review  to  relatively  common  psychophysiological  measures  of  arousal/ 
threat,  including  cardiovascular,  electromyographic,  and  electroderma  I  measures. 


2  Psychophysiological  Markers  of  Current  PTSD 
Symptoms 

2.1  Cardiovascular  Activity 

Baseline:  Current  conceptualizations  of  PTSD,  reflected  in  the  Diagnostic  and 
Statistical  Manual  of  the  American  Psychiatric  Association  (DSM  5;  APA  2014) 
criteria,  recognize  that  PTSD  has  a  complex  phenomenology  expressed  not  just  as 
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fear-based  hyperarousal,  but  also  as  an  hedonic  and  dysphoric  emotional  states.  In 
contrast,  earlier  conceptualizations  of  the  disorder,  reflected  in  DSM-II1  through  IV 
criteria,  placed  a  larger  emphasis  on  fear-related  arousal.  Given  the  past  emphasis 
on  arousal-related  symptoms,  research  has  long  focused  on  identifying  and 
understanding  the  psychophysiological  basis  of  elevated  arousal.  Though  studies 
have  assessed  the  construct  of  arousal  across  a  number  of  psychophysiological 
measures,  an  extensive  body  of  work  has  focused  on  the  cardiovascular  system. 
Cardiovascular  physiology  is  a  convenient  domain  to  focus  on  since  it  can  he 
measured  relatively  easily  using  a  number  of  different  methods  and  equipment 
typically  present  in  an  emergency  department  or  urgent  care  clinic.  Further,  some 
elements  of  cardiac  physiology  can  be  interpreted  as  a  readout  of  sympathetic/ 
parasympathetic  balance,  which  has  long  been  theorized  to  be  disrupted  in  PTSD 
(see  below). 

Blanchard  et  al.  (1982)  observed  that  Vietnam  veterans  with  PTSD  had  higher 
resting  baseline  heart  rate  (HR)  and  blood  pressure  (BP)  than  Vietnam  veterans 
without  PTSD.  These  initial  observations  were  later  largely  confirmed  in  a  meta- 
analysis  by  Buckley  and  Kaloupek  (2001),  which  reviewed  34  studies  of  resting 
cardiovascular  activity  in  PTSD  conducted  up  to  that  time.  This  meta-analysis 
found  support  for  elevated  resting  HR  and  diastolic  blood  pressure  (BP),  (hough 
systolic  BP  levels  were  similar  across  PTSD  subjects  and  healthy  controls.  A  more 
recent  meta-analysis  of  psychophysiological  studies  in  PTSD  (Pole  2007)  reviewed 
55  studies  conducted  until  that  time  and  also  supported  increased  resting  HR  in 
PTSD  relative  to  healthy  controls.  However,  elevations  in  systolic  and  diastolic  BP 
were  only  present  under  relaxed  criteria  for  statistical  significance. 

While  the  evidence  for  altered  cardiovascular  activity  at  rest  in  PTSD  appears 
fairly  strong,  some  researchers  have  suggested  a  more  nuanced  relationship.  First, 
some  studies  (i.e.,  Shalev  et  al.  1992)  have  failed  to  find  HR  differences  in  new- 
onset  PTSD.  Further,  Buckley  and  Kaloupek  (200 1 )  showed  a  greater  effect  size  for 
HR  in  patients  with  chronic  PTSD  (>13  years).  Taken  together,  these  findings 
suggest  that  elevated  HR  may  he  a  consequence  of  physiological  changes  driven  by 
long-term  PTSD.  Second,  studies  monitoring  cardiovascular  activity  over  24-h 
periods  have  suggested  that  HR  and  BP  may  fluctuate  widely  across  the  day. 
complicating  previous  studies  (Muraoka  et  al.  1998;  Buckley  et  al.  2004).  One 
study  using  24-h  HR  monitoring  did,  however,  confirm  increased  HR  in  veterans 
with  PTSD,  with  more  pronounced  effects  during  the  night,  perhaps  related  to  the 
sleep  disturbances  commonly  associated  with  PTSD  (Agorastos  et  al.  2013).  Third, 
there  is  disagreement  among  researchers  regarding  whether  resting  state  activity  is 
actually  being  measured  in  these  studies,  or  if  what  is  actually  being  captured  are 
cardiovascular  responses  to  a  stressful  situation/challenge  induced  by  the  testing 
environment  (see  below:  Zoladz  and  Diamond  2013).  Other  studies  suggest  that 
PTSD  subjects  are  hypenesponsive  to  stress  or  tfireal  across  a  number  of  physio¬ 
logical  markers,  including  HR.  startle,  and  skin  conductance  (see  below).  Further, 
increased  HR  is  not  specific  to  PTSD,  but  is  also  reported  in  panic  disorder  and 
depression  (Cohen  el  al.  2000;  Blechert  el  al.  2007;  Kamphuis  el  al.  2007). 
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An  additional  marker  of  resting-state  cardiovascular  activity  that  is  altered  in 
PTSD  is  heart  rate  variability  (HRV).  HRV  is  a  measure  of  the  variation  in  time 
between  heart  beats,  which  indicates  autonomic  flexibility  (the  higher  the  variation, 
the  more  flexibility).  HRV  is  most  accurately  measured  via  electrocardiogram; 
however,  pholoplethy sinography  is  also  utilized.  HRV  is  measured  as  time-domain 
variables  (e.g.,  changes  in  ihe  standard  deviation  of  beat-beat  interval)  and  fre¬ 
quency  domains  using  power  spectral  density  analysis  methods.  Frequency  com¬ 
ponents  are  thought  to  represent  sympathetic  and  parasympathetic  control  over  HR. 
with  the  high  frequency  domain  (1-1 F;  0.15-0.4  Hz.)  representing  parasympathetic  or 
vagal  tone,  while  the  low  frequency  (LF;  0.04-0.15  Hz)  is  comprised  of  both 
parasympathetic  and  some  sympathetic  elements  (see  Heathers  2014;  Berntson 
et  al.  1997  for  review).  Finally,  respiratory  sinus  arrhythmia,  HRV  due  to  respi¬ 
ration.  is  another  measure  of  vagal  control  of  autonomic  activity.  Reduced  HRV  is 
associated  with  mortality  and  cardiovascular  symptoms  in  patients  with  PTSD. 
highlighting  the  clinical  importance  of  these  measures  (Kubzansky  et  al.  2007). 
There  is  growing  evidence  that  both  LF  and  HF  are  reduced  in  PTSD  patients, 
which  may  be  suggestive  of  an  imbalance  between  sympathetic  and  parasympa¬ 
thetic  drive  on  cardiovascular  output  (Cohen  el  al.  2000;  Blechert  el  al.  2007; 
Jovanovic  et  al.  2009),  though  exceptions  have  been  reported  (Sahar  el  al.  2001 ).  In 
a  recent  twin  study  of  combat-related  PTSD  in  Vietnam  era  veterans,  Shah  el  al. 
(2013)  found  that  HRV  abnormalities  (lower  LF  and  HF)  were  present  only  in  the 
twin  with  PTSD.  suggesting  that  reduced  HRV  is  an  acquired  consequence  of  the 
disorder.  They  also  suggested  that  HRV  abnormalities  were  not  present  in  subjects 
with  remitted  PTSD,  suggesting  HRV  reductions  arc  indicative  of  symptom  state. 
We  have  recently  shuvvn  that  HRV  reductions  (reduced  HF)  are  also  associated  with 
new-onset  PTSD  symptoms  in  active  duty  marines  who  served  in  Iraq/Afghanistan, 
suggesting  that  reduced  HRV  is  not  related  to  age  or  chronicity  of  PTSD  (Minassian 
et  al.  2014).  These  studies  have  also  shown  that  reductions  in  HRV  in  these  pop¬ 
ulations  are  not  due  to  depression  or  TBI.  nor  are  they  related  to  degree  of  combat 
exposure  or  deployment  history  per  se  (Shah  el  al.  2013;  Minassian  et  til.  2014). 
Finally,  reduced  HRV  is  reported  in  untreated  subjects  (Minassian  et  al.  2014; 
Chang  et  al.  2013).  indicating  that  this  phenotype  is  not  due  simply  to  medication 
side  effects.  Although  HRV  measures  appear  to  be  sensitive  to  PTSD  symptoms, 
they  are  not  specific  to  PTSD.  Indeed,  reduced  HRV,  in  particular  HF.  may  be  a 
more  general  marker  of  anxiety  disorders  (Piltig  cl  al.  2013)  or  even  mental  illness, 
as  it  is  reduced  across  multiple  disorders  including  anxiety,  depression,  bipolar 
disorder,  and  schizophrenia  (Moon  et  al.  2013).  It  is  possible  that  multiple  mech¬ 
anisms  underlie  the  reductions  in  HRV  across  these  diverse  patient  groups,  or  that 
reductions  in  HRV  are  due  to  the  higher  stress  or  allostatic  load  experienced  by 
those  witli  neuropsychiatric  illness  (McEwen  2000). 

Response  to  Challenge:  In  contrast  to  resti ng-state  cardiovascular  markers,  sev¬ 
eral  studies  have  assessed  cardiovascular  activity  in  response  to  challenges  from 
either  loud  acoustic  stimuli  (startle)  or  trauma-related  cues.  A  large  body  of  literature 
documents  larger  HR  reactivity  to  startling  sounds  in  PTSD  patients  (Pallmeyer  et  al. 
1986;  Shalev  et  al.  1992;  Orr  et  al.  2002).  Pole  (2007)  investigated  10  studies 


162 


D.T.  Acheson  et  al. 


measuring  HR  response  lo  loud  acoustic  stimuli  and  found  that  elevaied  HR 
response  was  among  the  most  robust  effects  found  using  this  paradigm.  Pitman  et  al. 
(2006)  examined  elevated  HR  reactivity  to  sudden  loud  tone  presentation  in  a  twin 
sample  of  Vietnam  veterans.  They  found  elevaied  HR  reactivity  only  in  the  twin  with 
PTSD,  indicating  HR  response  is  an  acquired  consequence  of  the  disorder  rather 
than  a  predisposing  trail. 

HR  response  lo  trauma-related  reminder  cues  has  also  been  examined,  which 
may  probe  biological  mechanisms  relevant  to  fear  memory  processes.  These  studies 
typically  involve  either  “standardized”  cues,  such  as  combat  sounds  (Liberzon  et  al. 
1999)  that  are  held  constant  across  the  sample  being  studied,  or  “ideographic”  cues 
which  are  tailored  to  be  specific  to  each  subject’s  traumatic  experience.  Pole  (2007) 
reviewed  16  studies  investigating  HR  response  lo  standardized  trauma  cues  and 
another  22  investigating  HR  response  lo  ideographic  trauma-related  cues.  Elevated 
HR  response  to  standardized  cues  in  PTSD  emerged  as  one  of  the  more  robust 
effects  in  these  paradigms.  Support  for  increased  HR  responses  lo  ideographic 
trauma  cues  was  also  found,  though  less  robust  than  that  for  standardized  cues. 
Recent  studies  have  also  supported  these  findings  in  both  standardized  (Adenauer 
et  al.  2010;  Suendermann  el  al.  2010;  Ehlers  et  al.  2010)  and  ideographic  trauma 
cues  (Barkay  el  al.  2012).  Barkay  et  at.  (2012)  have  investigated  the  neurohiological 
correlates  of  this  effect  using  PET  imaging  and  found  correlations  between  HR  and 
rCBF  in  the  orbitofrontal,  precentral,  and  occipital  regions  of  the  cortex  only  in 
patients  with  PTSD  and  not  in  trauma-exposed  non- PTSD  subjects.  These  findings 
are  suggestive  that  increased  HR  responses  lo  trauma  reminders  may  overlap  in 
neural  substrates  (orbitofrontal  cortex)  with  the  reduced  ability  to  inhibit  fear 
responses  (Shin  et  al.  2006).  In  PTSD,  there  are  correlations  between  HR  response  to 
trauma  and  norepinephrine  concentrations  in  cerebrospinal  fluid  (Geracioti  et  al. 
2008),  suggesting  that  central  noradrenergic  hypersignaling  could  play  a  role  in  this 
phenotype.  It  is  unclear  whether  increased  MR  or  other  cardiovascular  abnormalities 
are  ameliorated  by  treatment,  however,  despite  the  use  of  noradrenergic  reuptake 
inhibitors  (Hoge  et  al.  2012)  as  well  as  clinical  trials  of  the  alpha  I  receptor 
antagonist  prazosin  (Raskind  et  al.  2013).  Whether  increases  in  HR  are  an  epiphe- 
nomenon  of  increased  centrally  mediated  fear  responses,  or  are  a  core  feature  of 
PTSD  pathology  is  unclear.  One  intriguing  recent  finding  suggests  that  inhibitors  of 
angiotensin  I  signaling,  commonly  given  for  hypertension,  are  associated  with  fewer 
PTSD  symptoms  in  a  cross-sectional  sample  of  highly  traumatized  civilian  popu¬ 
lations  (Khoury  et  al.  2012).  Other  common  hypertension  medications  were  not 
associated  with  fewer  symptoms,  suggesting  that  the  angiotensin  pathway  may  play 
a  role  in  PTSD-related  pathology.  Thus,  more  research  is  clearly  needed  to  further 
elucidate  pathways  involved  in  elevated  cardiovascular  responses  in  PTSD. 

Summary  of  Cardiovascular  Markers  of  PTSD  Symptom  State:  Cardiovascular 
physiology  is  an  active  and  important  area  of  research  in  PTSD,  especially  given 
reported  links  between  PTSD  and  increased  incidence  of  cardiovascular  disease 
(Wentworth  et  al.  2013).  While  there  is  strong  evidence  that  resting-slate  cardio¬ 
vascular  activity,  as  well  as  HR  response  to  standardized  and  ideographic  trauma 
cues,  is  altered  in  PTSD.  this  is  still  an  active  area  of  research  that  is  not  without 
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controversy.  Specifically,  the  degree  to  which  the  testing  situation  contributes  to 
findings  of  elevated  HR  in  PTSD  is  unclear.  The  extent  to  which  elevated  HR  is  a 
feature  of  core  PTSD  pathology  versus  simply  a  consequence  of  chronic  stress  is 
also  unknown.  Some  studies  have  suggested  that  HR  soon  after  trauma  may  predict 
development  of  PTSD.  suggestive  of  HR  being  a  proxy  for  biological  risk  factors 
for  PTSD  (see  below).  However,  a  recent  study  suggests  that  HR  is  not  altered  in 
relatively  “recent’’  PTSD  cases  after  combat  (Minassian  et  al.  2014),  arguing 
against  elevated  1  !R  as  a  risk  factor.  HR  increases  are  also  not  specific  to  PTSD,  but 
are  increased  in  other  anxiety  disorders  more  generally.  Research  investigating  the 
time  course  and  neurobiologicai  correlates  of  aiLered  cardiovascular  activity  in 
PTSD  is  needed  to  further  clarify  these  issues. 

Many  questions  still  remain  for  the  association  of  HRV  with  PTSD  symptoms. 
Although  (win  studies  suggest  that  altered  HRV  is  specific  to  PTSD  symptom  slate, 
prospective  studies  are  needed  to  confirm  HRV  measures  as  symptom  dependent  or 
markers  of  risk  for  PTSD  (Baker  el  at.  2012).  Similarly,  although  there  is  some 
evidence  from  cross-sectional  analysis  in  small  samples  for  symptom  remission  to  be 
associated  with  normalization  of  HRV  (Shah  et  al.  2013),  longitudinal  treatment 
studies  are  required  to  best  address  this  question.  The  biological  mechanisms 
responsible  for  HRV  reductions  in  PTSD  are  also  unclear.  However,  dysregulated 
sympathetic  output  (e.g„  via  increased  noradrenergic  tone.  Geracioti  et  al.  2001, 
2008;  Pietrzak  el  al.  2013)  and  abnormalities  in  stress  and  immune  systems  have 
been  identified  as  candidate  mediators  (Risbrough  and  Stein  2006;  Eraly  et  al.  2014). 


2.2  Exaggerated  Startle  Response 

Baseline:  The  startle  response  is  a  sensitive,  noninvasive  measure  of  central  nervous 
system  activity  that  is  typically  accessed  via  electromyographic  (EMG)  measure¬ 
ment  of  strength  of  contraction  of  the  orbicularis  oculi  muscle  controlling  eyehlink 
in  response  to  a  sudden  acoustic  or  tactile  stimulus  (Blumenthal  el  al,  2005). 
Exaggerated  startle  is  a  symptom  of  PTSD  according  to  the  DSM  5  (APA  2014). 
Thus,  it  follows  that  larger  baseline  startle  responding  should  be  delectable  in 
PTSD.  However,  evidence  for  increased  startle  reactivity  under  “baseline”  condi¬ 
tions  in  PTSD  is  mixed,  with  some  studies  finding  evidence  for  increased  startle  in 
PTSD  relative  to  healthy  controls  and  others  finding  equivalent  startle  responses 
(see  Zoladz  and  Diamond  2013  for  a  recent  review  of  this  literature).  There  are  also 
some  suggestions  that  increases  in  baseline  startle  may  only  occur  in  chronic  PTSD 
patients  or  following  certain  forms  of  Lruuma,  such  as  combat  (Grillon  and  Baas 
2003).  A  significant  problem  with  assessments  of  “baseline"  startle  is  that  it  is  very 
difficult  to  accurately  assess  this  phenomenon.  Startle  reactivity  is  extremely  plastic, 
and  it  is  sensitive  to  many  rapid  and  dynamic  modes  of  inhibition  such  as  habituation 
and  sensorimotor  gating,  to  emotional  valence  or  experimental  context,  and  of  course 
is  extremely  sensitive  to  stimulus  parameters  such  as  intensity  and  duration  of 
the  startling  stimulus,  all  of  which  will  influence  the  detection  of  putative  differences. 
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For  example,  startle  is  higher  iti  PTSD  patients  under  low-intensity  startle  stimuli  hut 
not  high  intensity  (Butler  el  al.  1990),  which  may  reflect  a  lowering  of  startle 
thresholds  rather  than  an  exaggeration  of  startle  responses  elicited  by  supru-threshold 
stimuli.  Thus,  more  robust  and  reliable  startle  phenotypes  in  PTSD  and  other  disor¬ 
ders  are  measured  when  comparing  startle  across  multiple  stimulus  conditions  and 
emotional  contexts.  Startle  has  also  generally  only  been  explored  in  terms  of 
magnitude  of  the  response  (muscle  contraction)  compared  to  controls.  However,  self- 
reports  of  “increased  startle”  from  patients  may  not  simply  reflect  magnitude,  hut  the 
probability  of  a  response  under  subthreshold  conditions,  which  has  yet  to  he  explored. 

In  Response  to  Challenge:  Given  the  inconsistency  of  baseline  startle  changes  in 
PTSD.  it  has  been  suggested  that  startle  reactivity  is  higher  in  PTSD  patients  only 
when  under  threat;  thus,  this  phenomenon  is  indicative  of  mechanisms  related  to 
increased  stress  responding  rather  than  disruption  of  baseline  arousal  (Grillon  and 
Baas  2003).  Grillon  et  al.  (1998)  reported  normal  baseline  but  increased  startle 
magnitude  in  Vietnam  combat  veterans  with  PTSD  during  anticipation  of  experi¬ 
mental  electrical  shock  relative  to  non-PTSD  veterans,  demonstrating  a  higher 
response  in  situations  of  threat  or  stress  in  PTSD.  Startle  is  also  elevated  in  response 
to  trauma  reminders  (imagery,  trauma  scripts)  in  PTSD  patients  (e,g„  Cuthbert  et  al. 
2003;  McTeague  et  al.  2010);  however,  these  tasks  are  relatively  unique  to  indi¬ 
vidual  laboratories  and  more  difficult  to  generalize  across  studies.  As  a  whole,  these 
studies  suggest  that  exaggerated  startle  in  PTSD  is  not  indicative  of  increased 
arousal  al  baseline,  but  is  a  physiological  marker  of  heightened  response  to  threat 
and  heightened  fear  responses  in  the  presence  of  trauma  cues.  Thus,  startle  is 
increasingly  used  as  a  quantitative  measure  of  feta  responding  that  complements 
self-report  data  on  anxiety  and  stress  to  identify  biological  mechanisms  underlying 
PTSD  symptoms. 

Studies  have  recently  suggested  that  elevated  startle  to  challenge  in  PTSD  may 
he  subject  to  gender  differences.  Knmkwalala  et  al.  (2012)  showed  that  women  with 
PTSD  had  higher  startle  in  a  dark  environment  relative  to  a  light  environment  than 
men  and  women  without  PTSD.  However,  this  elevated  "dark-enhanced”  startle 
was  not  present  in  male  subjects  with  PTSD.  Further,  dark-enhanced  startle  has 
been  shown  to  be  associated  with  pituitary  adenylate  cyclase-activating  polypeptide 
receptor  (PACI.)  genotypes  in  females,  a  gene  that  interacts  with  estrogen  and  has 
also  been  associated  with  PTSD  in  females  (Kessler  et  al.  201 1).  These  studies 
represent  a  new  avenue  of  PTSD  research  that  is  just  coming  to  fruition  in  utilizing 
physiological  markers  as  intermediate  phenotypes  to  identify  biological  pathways 
related  to  PSTD  risk. 

Startle  Habituation :  Habituation  is  a  non-associative  learning  process  whereby 
an  organism  displays  a  reduction  in  some  innate  orienting  or  defensive  response 
following  repealed  presentation  of  a  stimulus  (Halberstadt  and  Geyer  2009).  Shalev 
et  al.  (2000)  examined  habituation  of  the  startle  and  eleclroderma!  response  to  loud 
acoustic  stimulus  in  a  sample  of  traumatized  Israeli  civilians  tested  at  1  week  and  1 
and  4  months  following  the  traumatic  event.  Those  who  developed  PTSD  began  to 
show  reduced  habituation  in  both  measures  beginning  I  month  post-trauma,  sug¬ 
gesting  that  reduced  habituation  may  he  an  acquired  sign  of  PTSD.  The  reduced 
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startle  habituation  finding  is  confounded,  however,  as  the  methodology  used  to 
detect  startle  was  Hawed,  with  sample  rates  that  were  much  loo  slow  (50  Hz)  to 
visualize  ihe  very  fast  on  and  off  rate  of  a  startle  response  which  is  typically 
measured  with  1,000  Hz  sampling  rates.  The  reduced  eiectroderrnal  habituation, 
however,  supported  earlier  findings  by  this  group  (Shalev  el  al.  1992).  Other  studies 
had  failed  to  detect  reduced  startle  habituation  in  PTSD  hut  were  compromised  by 
their  use  of  inappropriately  slow  sampling  rates  (Pitman  el  al.  1987,  1993;  Orr  and 
Pitman  1993).  A  more  recent  study  in  Croatian  combat  veterans  found  that  PTSD 
and  control  groups  did  not  differ  in  startle  habituation  as  assessed  by  quantitative 
analysis  of  HMG  reduction  across  trial;  however,  there  was  a  reduction  in  PTSD 
subjects  compared  to  controls  when  using  non  parametric  comparisons  of  a  number 
of  subjects  who  met  criteria  for  habituation  (lowest  responding  at  the  last  trial) 
(Jovanovic  et  al.  2009).  This  study  also  did  not  replicate  habituation  of  the  elec- 
trodemnai  response,  a  physiological  marker  of  sympathetic  nervous  system  arousal 
based  on  electrical  conductivity  across  die  skin  due  to  sweat  (see  below).  Thus, 
taken  together  across  studies,  evidence  for  differences  in  startle  habituation  in  PTSD 
subjects  is  weak.  PTSD  subjects  may  exhibit  reduced  habituation  of  fear- potentiated 
startle  during  fear  association  training  (Ressler  el  al.  201 1).  However,  ii  is  unclear 
whether  this  effect  reflects  reduced  habituation  to  startling  sounds  or  increased 
reactivity  Lo  the  aversive  stimuli  used  during  fear  conditioning.  Reductions  in 
habituation  have  been  detected  in  other  neuropsychiatric  disorders  (schizophrenia, 
panic  disorder);  thus,  it  is  possible  that  reductions  in  habituation  of  the  response 
may  represent  a  pathology  in  a  subset  of  patients  across  disorders,  as  such  a 
phenotype  would  have  substantial  consequences  for  multiple  behavioral  functions 
(Geyer  and  Braff  1982;  Ludewig  et  al.  2002a,  b.  2003,  2005).  Habituation  is 
another  “intermediate  phenotype”  that  is  being  used  to  identify  potential  gene 
pathways  disrupted  in  these  disorders  (Greenwood  et  al.  2012,  2013). 

Prepulse  Inhibition  of  the.  Startle  Response:  Prepulse  inhibition  (PPI).  the 
unlearned  suppression  of  die  startle  reflex  to  an  intense  acoustic  stimulus  when 
immediately  preceded  by  a  weaker  acoustic  prepulse,  is  an  operational  measure  of 
sensorimotor  gating  (Geyer  et  al.  1990;  Geyer  and  Braff  1987).  PPI  has  been  shown 
to  be  a  robust  but  non-specific  biomarker  of  psychiatric  diagnosis.  PPI  performance 
is  reduced  compared  to  healthy  controls  in  a  number  of  neuropsychiatric  disorders 
including  panic  disorder,  obsessive  compulsive  disorder,  schizophrenia,  bipolar 
disorder.  Tourette’s  disorder,  and  Huntington’s  disorder  (Bralf  et  al.  2001; 
Swerdlow  et  al.  2006;  Castellanos  el  al  1996;  Perry  et  al.  2001;  Ahmari  et  al.  2012; 
Ludewig  el  al,  2002a,  b).  Many  of  these  disorders  are  linked  to  cortico-limbic 
circuit  abnormalities  (Kohl  et  al.  2013).  Given  the  evidence  for  PTSD  to  have 
disruptions  in  this  circuit  (Shin  et  al.  2006),  PPI  in  PTSD  subjects  has  also  been 
examined.  However,  PPI  associations  with  PTSD  are  inconsistent,  with  some 
studies  showing  significantly  reduced  PPI  in  PTSD  patients  (Ornitz  and  Pynoos 
1989;  Grillon  et  al.  1996,  1998),  while  others  detected  no  di defences  or  only 
marginal  differences  (Butler  el  al.  1990;  Morgan  et  al.  1997:  Lipsehitz  et  al.  2005; 
Holstein  et  al.  2010;  Vrana  et  al.  2013).  Thus,  additional  research  is  needed  to 
clarify  or  refute  the  presence  of  PPI  deficits  in  PTSD. 
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Summary  of  altered  startle  plasticity  in  PTSD :  Exaggerated  startle  responding  in 
PTSD  patients  is  seen  fairly  consistently,  most  predominantly  under  conditions  of 
challenge  or  threat.  Pole  (2007)  conducted  a  meta-analysis  of  20  studies  measuring 
startle  response  via  orbicularis  oculi  EMG  both  at  baseline  and  after  manipulation 
of  contextual  threat.  This  analysis  supported  a  significant  increase  in  startle 
responses  in  PTSD;  however,  this  effect  was  not  as  robust  as  elevated  cardiovas¬ 
cular  responses.  Furthermore,  increased  startle  response  to  threat  is  also  not  specific 
to  PTSD,  but  is  also  reported  in  other  disorders  that  are  characterized  by  high 
physiological  arousal  and  fear  (e.g.,  panic  disorder)  hut  nol  generalized  anxiety 
disorder  (Grilton  el  al.  2009;  Grillon  2008).  These  findings  suggest  that  disorders 
characterized  by  exaggerated  startle  may  share  an  overlapping  biological  pathway. 
It  is  not  clear,  however,  whether  these  effects  are  due  to  increased  fear  responses  per 
se  (e.g..  via  increased  amygdala  and/or  insula  circuit  activation),  or  reduced  ability 
to  inhibit  or  modulate  these  responses  appropriately  (e.g..  reduced  modulation  of 
amygdala  output  by  hippocampal  and  cortical  circuits;  see  below;  Acheson  et  al. 
2012;  Klumpers  et  al.  2007). 

Habituation  and  PPI  are  both  measures  of  fundamental  aspects  of  information 
processing  that  are  disrupted  in  a  number  of  psychiatric  disorders  and  are  to  some 
degree  heritable  (Greenwood  et  al.  2007).  However,  there  is  relatively  weak  evi¬ 
dence  al  present  for  disruptions  in  PTSD.  It  is  possible  that  disruption  in  these 
processes  may  indicate  one  of  potentially  many  biological  risk  traits  for  neuro- 
psychiatric  disorders.  Hence,  further  understanding  of  the  genetic  and  neurobio- 
logical  mechanisms  underlying  these  phenotypes  and  their  relationship  to  PTSD 
risk  is  worth  further  investigation.  Indeed.  PTSD  is  thought  to  share  polygenic  risk 
with  other  disorders  (hat  exhibit  information  processing  deficits,  such  as  bipolar 
disorder  and  schizophrenia  (Nievergelt  et  al.  in  review;  Solovieff  et  al.  2014). 

While  exaggerated  startle  per  se  is  not  unique  to  PTSD,  it  nonetheless  represents 
a  powerful  method  for  exploring  mechanisms  underlying  the  development  of  PTSD 
symptoms.  In  animals,  exaggerated  startle  phenotypes  have  long  been  utilized  to 
test  causal  hypotheses  of  potential  mechanisms  underlying  development  of  anxiety 
and  fear-related  behaviors  after  severe  stress,  including  corticotropin-releasing 
factor  and  noradrenergic  abnormalities  (e.g.,  Risbrough  and  Stein  2006;  Davis  et  al. 
2010;  Grillon  et  al.  2009).  In  humans,  utilization  of  startle  plasticity  as  an  inter¬ 
mediate  phenotype  is  just  now  beginning  to  be  exploited  (Greenwood  et  al.  2012). 
Further,  questions  of  exaggerated  startle  magnitude  versus  reduced  startle  threshold 
in  PTSD  remain  to  be  answered  (Butler  et  al.  1990).  Finally,  surprisingly  few 
pharmacological  studies  have  thus  far  utilized  startle  to  examine  potential  biological 
mechanisms  of  increased  physiological  responses  In  PTSD.  Using  a  pharmaco¬ 
logical  challenge  with  the  alpha  2  antagonist  yohimbine,  Morgan  et  al.  (1995) 
showed  that  startle  reactivity  in  PTSD  patients  may  be  via  increased  sensitivity  to 
noradrenergic  signaling. 


Psychophysiology  in  the  Study  of  Psychological  Trauma  ,  , 


167 


2.3  Other  Physiological  Measures 


Elect rodenmil  Level/Response'.  In  addition  to  HR  and  startle,  researchers  have 
examined  eleclrodennai  levels  in  PTSD  both  at  resting  baseline  and  in  response  to 
challenge.  Electroderm al  response,  or  the  increase  in  electrical  conductivity  across 
the  skin  due  to  sweat,  is  a  physiological  marker  of  sympathetic  nervous  system 
arousal.  A  meta-analysis  by  Pole  (2007)  looked  across  31  studies  that  measured 
resting  eleclrodennai  levels  in  subjects  with  PTSD  versus  controls  and  found 
support  for  significantly  higher  levels  associated  with  PTSD,  although  the  effect 
size  was  small.  Blechert  et  al.  (2007)  found  that  PTSD  subjects  had  higher  resting 
baseline  electrodermal  level  relative  to  both  healthy  controls  and  subjects  with 
panic  disorder,  suggesting  some  diagnostic  specificity.  Resting  electrodermal  level 
has  historically  been  reported  to  be  reduced  in  subjects  with  depression  versus 
healthy  controls  ( Argyle  1991),  further  suggesting  that  this  measure  may  hold  some 
diagnostic  specificity. 

Electrodermal  response  to  challenge  by  standardized  and  ideographic  trauma 
cues  has  also  been  examined  in  relation  to  PTSD.  Pole  (2007)  looked  across  22 
studies  and  found  medium  effect  sizes  for  elevated  electrodermal  response  to  both 
standard  and  ideographic  cues  in  PTSD  versus  controls.  Interestingly.  Blechert  et  al. 
(2007)  found  blunted  electrodermal  response  in  PTSD  when  subjects  were  under 
threat  of  electrical  shock,  suggesting  that  there  may  be  a  difference  in  effect  between 
challenge  by  reminder  cue  versus  challenge  by  contextual  threat  (experimental 
shock).  Similarly.  McTeague  et  a!.  (2010)  found  that  PTSD  subjects  with  multiple 
traumas  and  more  severe,  chronic  PTSD  showed  blunted  defensive  responses  to 
ideographic  imagery.  More  recently,  Glover  et  al.  (201 1)  showed  overall  elevations 
in  fear-potentiated  startle  in  a  classical  conditioning  paradigm  in  PTSD  subjects 
relative  to  controls;  however,  no  differences  were  found  in  electrodermal  responses. 
It  is  possible  that  startle  reactivity  measures  may  offer  a  wider  measurable  range  to 
detect  increased  reactivity  than  skin  conductance  measures  because  startle  baseline 
can  be  controlled  by  the  experimenter  (i.e.,  via  adjustments  of  the  intensity  of 
acoustic  pulse).  Thus,  it  is  possible  that  startle  may  be  more  sensitive  to  detecting 
differences  in  responses  even  under  relatively  high  arousal  slates  (e.g..  under 
threat),  Skin  conductance,  however,  offers  other  significant  advantages  over  startle, 
since  it  does  not  require  a  relatively  invasive  stimulus  (e.g.,  acoustic  pulse)  for 
measurement.  The  passive  nature  of  this  measurement  has  also  supported  its  use  as 
a  complementary  tool  in  imaging  studies  in  which  subject  movement  must  be 
severely  limited  (i.e.,  startle  response  movement  can  disrupt  image  processing). 

Facial  EMG\  Facial  EMG  has  been  used  as  a  physiological  measure  of  emotional 
response  and  typically  involves  measurement  of  activity  in  the  frontalis,  corrugator, 
and  zygomaticus  major  muscles  involved  in  emotional  facial  expressions  such  as 
smiling  and  frowning.  Pole  (2007)  found  support  for  increased  frontalis  and  cor¬ 
rugator  EMG  activity  while  viewing  ideographic  trauma  cues  (12  and  5  studies, 
respectively).  Pole  (2007)  found  no  support  for  altered  facial  EMG  activity  at  resting 
baseline,  or  in  response  to  standardized  trauma  cues  (12  and  6  studies,  respectively). 
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Because  these  measures  are  (I )  more  sensitive  to  artifact  (e.g.,  non-specific  facial 
and  head  movements,  talking)  and  (2)  are  not  easily  controlled  or  evoked  para¬ 
metrically  compared  to  reflexive  responses  such  as  changes  in  HR,  skin  conduc¬ 
tance,  and  startle,  they  have  not  been  utilized  widely.  They  do  not  offer  cross-species 
translation  nor  have  well-defined  circuits:  thus,  they  may  have  less  utility  in 
understanding  biological  mechanisms  of  PTSD. 

Summary  of  Other  Physiological  Measures  Associated  with  PSTD :  Elevated 
resting-slate  electroderma]  level  may  be  a  psychophysiological  measure  that  is 
relatively  specific  to  PTSD.  However,  this  measure  is  susceptible  to  the  same 
methodological  difficulties  as  resting  HR  or  baseline  startle  response,  namely  that  it 
is  difficult  to  eliminate  contextual  factors  that  may  influence  stress  and  thus  elec- 
trodermal  activity.  Electrodermal  response  to  challenge  presents  a  complicated 
picture  with  findings  varying  dependent  upon  both  subject-specific  and  testing 
protocol  variables.  There  is  support  lor  an  association  between  increased  facial 
EMG  reactivity  specifically  in  response  to  idiographic  trauma  cues;  however,  the 
utility  of  this  measure  for  further  biological  research  is  limited. 


3  Psychophysiological  Markers  of  PTSD-Relcvant 
Constructs:  Fear  and  Sustained  Anxiety 

Safety  Signal  teaming:  Safety  signal  learning  is  the  process  by  which  an  individual 
learns  to  inhibit  a  learned  fear  response  in  the  presence  of  a  cue  signaling  absence  of 
danger.  This  process  is  directly  relevant  to  PTSD  phenomenology  insofar  as  PTSD  is 
in  part  characterized  by  altered  reactivity  to  trauma-related  cues  even  in  “safe" 
environments.  Safety  signal  learning  can  be  measured  by  assessing  responses  to  a 
CS-  that  is  never  associated  with  an  aversive  event  versus  a  CS+  that  is  contiguous 
with  an  aversive  event,  or  via  a  specific  CS  that  predicts  absence  of  the  aversive 
event  when  given  in  conjunction  with  iheCS+.  Using  the  latter  paradigm.  Jovanovic 
et  a!.  (2010)  recently  tested  this  process  in  a  sample  of  trauma-exposed  civilians  who 
were  healthy,  had  PTSD,  had  major  depression,  or  had  comorbid  PTSD  and  major 
depression  with  fear-potentiated  startle  as  the  primary  outcome  variable.  Subjects 
learned  that  a  cue  predicted  a  blast  of  air  to  the  throat,  but  that  when  this  cue  was 
presented  along  with  another  cue  (the  safety  signal),  the  blast  of  air  would  not  occur. 
Subjects  with  PTSD  and  comorbid  PTSD/major  depression  failed  to  show  inhibition 
of  the  potentiated  startle  response  in  the  presence  of  the  safety  cue.  Inability  of 
subjects  with  PTSD  to  inhibit  responding  to  a  safety  signal  was  also  confirmed  in  the 
former  paradigm,  a  simple  CS+/CS—  discrimination  teaming  task  (Jovanovic  et  al. 
2013).  Andero  el  al.  (2013)  found  associations  between  the  ability  to  team  to  dis¬ 
criminate  between  the  CS+  (danger)  and  CS—  (safety  )  are  impaired  in  subjects  with  a 
single  nucleotide  polymorphism  (SNP)  on  the  opioid  receptor  1  -like  gene  which 
encodes  for  the  amygdala  nociception/orphunin  FQ  receptor  involved  in  pain  pro¬ 
cessing.  This  SNP  was  also  associated  with  greater  PTSD  symptoms,  providing 
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further  evidence  For  impaired  safety  signal  processing  in  PTSD  as  well  as  a  putative 
biological  pathway  for  this  effect.  These  results,  though  preliminary  and  in  need  of 
replication,  suggest  that  failure  to  learn  to  distinguish  between  environmental  cues 
signaling  danger  versus  safely  may  be  an  important  process  that  is  impaired  in 
PTSD. 

Fear  Extinction:  Fear  extinction  is  the  process  by  which  an  organism  learns  that  a 
cue  that  once  signaled  threat  no  longer  does  so,  thus  resulting  in  a  progressive 
reduction  in  defensive  physiological  responding  in  the  presence  of  this  cue. 
Extinction  of  psychophysiological  fear  responding  has  long  been  considered  a 
putative  model  of  PTSD  process  due  to  its  similarity  to  naturalistic  recovery  from 
trauma  experience.  Orret  al.  (2000)  and  Peri  et  al.  (2000)  showed  that  PTSD  patients 
failed  to  extinguish  a  conditioned  electroderma]  response  to  a  cue  signaling  electrical 
shock  or  loud  acoustic  stimuli,  respectively.  Subsequent  studies  using  electrodermal 
responses  as  the  dependent  variable  have  largely  supported  these  original  findings 
(e.g.,  Wessa  and  Flor  2007;  Blechert  et  al.  2007).  Norrholm  et  al.  (201 1 )  examined 
fear  extinction  in  PTSD  using  fear- potentiated  startle  to  a  cue  signaling  an  aversive 
air  puff  to  the  throat  and  found  that  PTSD  patients  showed  greater  potentiated  startle 
in  tlie  early  and  middle  portions  of  extinction  training.  This  I  hiding  suggests  that 
enhanced  initial  fear  conditioning  produced  a  greater  “fear  load”  that  the  PTSD 
patients  had  to  extinguish.  This  increased  fear  responding  is  also  associated  with 
specific  symptom  clusters  of  PTSD,  re-experiencing  (Glover  et  al.  201 1),  indicating 
this  paradigm  likely  probes  neural  mechanisms  of  trauma  memory. 

Not  all  studies  have  found  evidence  for  delay  of  fear  extinction  learning  in 
PTSD.  Milad  et  al.  (2008)  found  equal  levels  of  extinction  performance,  as  mea¬ 
sured  by  electrodermal  response,  in  combat-related  PTSD  compared  to  combat- 
exposed  monozygotic  twins  without  PTSD  and  controls.  However,  the  PTSD  twins 
failed  to  recall  this  fear  extinction  learning  when  tested  24  h  later.  These  results 
suggest  that  PTSD  is  not  associated  with  a  fear  extinction  learning  deficit,  but  rather 
a  fear  extinction  memory  deficit.  Further,  this  deficit  appears  to  be  an  acquired  sign 
of  PTSD  rather  than  an  inherited  trait.  This  dilference  in  with  in-session  learning 
results  across  these  studies  may  be  due  to  the  physiological  measures  of  fear  used, 
startle  versus  skin  conductance.  The  higher  magnitude  of  the  startle  response  to  the 
conditioned  cue  in  FrSD  patients  is  providing  a  behavioral  window  to  detect 
reduced/delayed  extinction  within  session,  which  is  not  detectable  via  skin  con¬ 
ductance  responses  (Glover  el  til.  201 1).  Taken  together,  these  data  suggest  overall 
that  there  is  higher  fear  responding  in  PTSD  patients,  which  subsequently  takes 
longer  to  extinguish  fully  and  is  less  likely  to  be  fully  extinguished  upon  retesting. 
Additional  research  will  be  needed  to  determine  the  time  point  at  which  extinction 
deficits  may  occur,  the  most  effective  method  for  capturing  such  deficits,  and  the 
specific  role  these  deficits  play  in  PTSD  symptomatology. 

Summary  of  Psychophysiological  Markers  of  PTSD-relevant  Constructs:  Psy¬ 
chophysiological  markers  have  emerged  as  critical  measures  of  unbiased  fear 
responding  to  understand  fear  and  anxiety  domains  disrupted  in  PTSD.  These 
markers  provide  quantifiable  assessments  of  autonomic  processes  that  may  not  be 
adequately  probed  by  self-report.  They  have  been  critical  behavioral  measures  that 


170 


D.T.  Acheson  el  al. 


complement  studies  of  the  neural  circuits  underlying  PTSD  pathology,  such  as 
corlico-hippoeampal-amygdala  circuit  function  (Quirk  el  al.  2006),  that  can  be 
translated  across  species  for  further  study  of  causal  factors  for  PTSD  symptoms  or 
PTSD  risk.  The  intriguing  preliminary  evidence  for  safety  signal  learning  to  be 
disrupted  specifically  in  PTSD  versus  depression  patients  may  indicate  this  is  a 
potential  “biomarker”  of  PTSD.  but  needs  further  research  anil  replication.  Extinc¬ 
tion  has  shown  to  be  impaired  in  a  number  of  neuropsychiatric  disorders  as  well  as 
PTSD,  including  obsessive-compulsive  disorder  and  schizophrenia  (Holt  el  al. 
2009;  Mi  lad  et  al.  2013),  suggesting  that  extinction  learning  may  probe  common 
pathological  circuits  across  these  disorders.  Impairment  in  these  processes  is  further 
supported  by  imaging  research  showing  impaired  function  and  structure  of  the 
ventromedial  prefrontal/orbitofrontal  cortex  in  PTSD  subjects,  which  are  structures 
known  to  be  central  to  fear  extinction  learning  and  memory  (Shin  et  al.  2006). 
Recent  research  suggests  involvement  of  these  areas  in  safety  signal  learning  as  well 
(Jovanovic  el  al.  2013),  Finally,  more  recently,  these  paradigms  have  been  utilized  in 
healthy  controls  or  PTSD  patients  to  serve  as  proof  of  concept  tests  for  novel 
treatments  for  fear-related  disorders  such  as  PTSD.  with  recent  or  ongoing  tests  of 
cannabinoid  agonists  (Rabinak  el  a!.  2013),  oxytocin  (Acheson  et  al.  2013),  glu¬ 
cocorticoids  (de  Quervain  et  al.  201 1),  and  dopamine  agonists  (Haakerel  al.  2013), 
among  others.  It  remains  to  be  determined  how  predictive  these  paradigms  will  be 
for  treatment  efficacy:  however,  this  is  an  exciting  avenue  for  PTSD  drug  discovery 


4  Psychophysiological  Markers  of  Risk  for  Developing 
PTSD  Following  Trauma 

Trail  Markers:  Given  that  elevated  physiological  reactivity  is  a  common  finding  in 
those  with  current  PTSD.  researchers  have  explored  the  possibility  that  this  elevated 
reactivity  might  serve  as  a  marker  of  risk  prior  to  or  immediately  following  the 
traumatic  experience.  Several  studies  examined  the  relationship  between  HR  shortly 
following  trauma  and  later  development  of  PTSD  and  found  that  elevated  HR 
following  trauma  predicted  development  of  PTSD  symptoms  (Bryant  et  al.  2000; 
Kassam-Adams  et  al.  2005;  Shalev  el  al.  1998;  Zatzick  el  al.  2005:  Kuhn  el  al. 
2006;  Gould  et  al.  2011).  Though  numerous  exceptions  have  been  reported 
(Blanchard  et  al.  2002;  Buckley  el  al.  2004;  Ehring  et  al.  2008;  Roitman  el  al.  2013; 
Price  et  al.  2014).  In  a  related  study.  Suendennann  et  al.  (2010)  found  that  HR 
response  to  trauma-related  images  in  motor  vehicle  accident  survivors  I  month  after 
trauma  predicted  PTSD  severity  at  6  months  after  trauma.  The  inconsistency  in 
these  findings  may  be  due  to  the  fact  that  cardiovascular  activity  assessed  imme¬ 
diately  post-trauma  in  the  ambulance  or  emergency  department  may  he  subject  to 
too  many  contextual  variables,  methodological  inconsistencies,  or  ceiling  effects 
that  may  limit  reproducibility  of  findings.  Newer  technology  allowing  for  ambu¬ 
latory  monitoring  in  the  days  following  trauma  (see  below)  may  prove  more  useful 
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in  determining  at  which  time  points  and  under  what  circumstances  post-trauma  HR 
may  be  most  predictive  of  future  PTSD. 

While  these  studies  of  peri-traumatic  HR  suggest  potential  clinical  utility  as  a 
marker  of  risk  in  traumatized  individuals,  they  tell  us  little  ahoul  who  might  be  at  risk 
for  trauma  before  the  event  happens.  Toward  answering  this  question.  Pitman  el  al. 
(2006)  examined  HR  responses  to  a  series  of  loud  tones  in  Vietnam  veterans  with 
PTSD  and  their  non-combat-exposed  monozygotic  twins.  Only  the  twin  with  PTSD 
showed  elevated  HR  response  relative  to  combat-exposed  veterans  without  PTSD 
and  their  non-exposed  twins,  suggesting  that  elevated  HR  response  is  an  acquired 
sign  of  PTSD  rather  than  a  risk  factor.  However,  further  longitudinal  studies  where 
HR  response  is  measured  prior  to  trauma  will  be  necessary  to  definitively  rule  out 
HR  as  a  prospective  marker  of  risk  for  PTSD.  Pole  et  al.  (2009)  measured  a  number 
of  physiological  indices  (startle,  electroderma  I  response,  HR)  in  response  to  startling 
tones  under  conditions  of  varying  contextual  threat  (low.  medium,  and  high  threat  of 
electrical  shock)  in  new  police  academy  cadets.  These  cadets  were  then  later 
assessed  for  PTSD  symptoms  following  one  year  of  police  work.  They  found  that 
elevated  startle  measured  by  eyeblink  EMG  (with  appropriate  sampling  rate),  ele¬ 
vated  electrodermal  response,  and  slower  habituation  of  the  electrodermaJ  response 
predicted  PTSD  symptom  severity,  but  that  HR  response  did  not.  Further,  the 
associations  between  physiological  reactivity  and  PTSD  severity  varied  as  a  con¬ 
dition  of  the  contextual  threat:  Greater  electrodermal  response  was  associated  widi 
PTSD  symptom  severity  under  low  and  high  threat,  and  eyeblink  EMG  under 
medium  threat  was  associated  with  symptom  severity.  These  findings  support  the 
hypothesis  that  increased  physiological  reactivity  to  threat  may  be  a  useful  marker 
for  understanding  biological  mechanisms  of  P'l’SD  risk. 

Markers  of  Fear  aiul  Anxiety  Constructs'.  Little  is  known  about  how  abnor¬ 
malities  in  safety  learning  and  fear  extinction  may  function  as  preexisting  markers 
of  risk  for  PTSD.  A  recent  study  found  that  impaired  ability  to  inhibit  fear- 
potentiated  startle  responding  in  the  presence  of  a  safety  cue  was  associated  with 
PTSD  symptoms  2  and  9  months  after  combat- related  trauma  (Sijbrandij  et  al, 
2013).  These  findings  suggest  that  impaired  safety  signal  learning  may  be  important 
in  predicting  the  maintenance  of  PTSD  symptoms  over  time.  It  is  not  clear,  how¬ 
ever.  whether  reductions  in  safety  signal  learning  predict  PTSD  prospectively. 
Investigators  have  also  begun  to  look  at  impaired  fear  extinction  processes  as  risk 
factors  for  developing  PTSD  following  trauma.  A  twin  study  of  combat-related 
PTSD  by  Mi  lad  et  al.  (2008)  suggested  that  reduced  recall  of  fear  extinction 
memory  is  an  acquired  sign  of  PTSD  rather  than  a  preexisting  risk  factor.  Guthrie 
and  Bryant  (2006)  examined  initial  fear  extinction  learning  of  an  aversively  con¬ 
ditioned  corrugator  EMG  response  in  a  sample  of  firefighter  trainees.  They  found 
that  slower  extinction  while  in  training  predicted  PTSD  severity  after  later  exposure 
to  trauma.  Lomnien  et  al.  (2013)  showed  similar  effects  in  a  sample  of  Dutch 
combat  veterans,  though  they  only  assessed  explicit  contingency  awareness  rather 
than  physiological  response.  Further  prospective-longitudinal  studies  assessing 
both  habituation  and  extinction  prior  to  trauma  are  needed  to  confirm  whether  or  noi 
these  are  robust  markers  of  PTSD  risk. 
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Summary  of  Risk  Markers:  While  peri- Iran  malic  physiological  response  may 
provide  some  information  regarding  who  is  al  risk  for  developing  chronic  PTSD. 
more  research  is  needed  to  solidify  the  extant  findings  and  to  link  elevated  phys¬ 
iology  following  trauma  to  specific  biological  changes  underlying  chronic  disorder. 
Much  less  is  known  about  using  physiological  markers  to  predict  risk  for  PTSD 
prior  to  traumatic  experience,  though  the  results  of  Pole  el  al.  (2009)  provide 
promising  avenues  for  future  research  in  this  area  and  suggest  the  possibility  of 
achieving  superior  prediction  by  the  integration  of  multiple  psychophysio  logical 
domains  into  a  single  marker  for  risk.  Knowing  who  is  at  risk  for  PTSD  prior  to 
trauma  may  have  utility  for  screening  of  soldiers  and  first  responders  such  us 
firefighters  and  police  officers.  Identification  of  preirauma  risk  factors  that  are 
modifiable  can  inform  prevention  efforts  in  these  and  other  populations  at  high  risk 
for  trauma  exposure  and  may  also  point  toward  fruitful  targets  Tor  novel  treatment 
efforts. 


5  Future  Areas  of  Application  for  Psychophysiologica) 
Research 


Psychophysiologica /  Markers  of  Treatment  Response:  Beyond  serving  as  markers 
of  PTSD  slate  or  risk  for  developing  the  disorder,  psychophysiological  outcomes 
may  have  potential  to  provide  objective  markers  of  treatment  response.  This  utility 
is  particularly  relevant  as  the  NIMH  now  requires  treatment  studies  to  include 
biological  and/or  physiological  markers  along  with  standard  symptom  scales.  To 
date,  however,  relatively  few  studies  have  made  use  of  physiological  outcome 
measures.  To  our  knowledge,  there  are  no  reports  of  psychophysiological  responses 
in  PTSD  patients  during  standard  pharmacotherapies,  e.g.,  serotonin  reuptake 
inhibitors.  Two  recent  studies  using  psychotherapy  have  included  physiological 
markers.  Robinson-Andrew  et  al.  (2014)  assessed  potentiated  starlit  responding  in 
the  presence  of  trauma-related  visual  cues  in  a  small  number  of  combat  veterans 
with  PTSD  before,  during,  and  after  either  prolonged  exposure  or  “present-centered 
therapy"  treatment.  Treatment  responders  showed  a  dynamic  pattern  of  increasing 
and  then  decreasing  startle  potentiation  across  treatment,  while  non-responders  did 
not  change.  In  another  recent  study,  Rothbaum  et  al.  (2014)  compared  the  effects  of 
d-cycloserine,  alprazolam,  and  placebo  on  response  to  5  sessions  of  prolonged 
exposure  therapy  for  PTSD.  Outcomes  consisted  of  both  self-reported  diagnostic 
assessments  as  well  as  potentiated  startle  response  to  trauma-related  images.  The 
patients  receiving  d-cycloserine  showed  significantly  lower  startle  potentiation 
post-treatment,  and  magnitude  of  startle  reduction  was  associated  with  self-reported 
treatment  response  in  this  group  only.  However,  groups  did  not  differ  on  self- 
reported  response  to  the  treatment  overall.  There  is  no  research  yet  on  treatment 
effects  on  PTSD-related  constructs  of  fear  extinction  or  safety  signal  learning. 
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One  earlier  area  of  study  where  psychophysio  logical  outcomes  appeared 
promising  was  in  predicting  potential  prophylactic  efficacy  of  propranolol,  a  beta- 
adrenergic  receptor  antagonist.  Pitman  et  al.  (2002)  originally  showed  that 
propranolol  given  immediately  after  trauma  reduced  physiological  arousal  (HR, 
electrodermal  response,  facial  EMC!)  to  script-driven  traumatic  imagery  3  months 
later,  as  well  as  showing  a  nonsignificant  trend  toward  reduced  PTSD  symptom 
severity  I  month  following  trauma.  In  a  larger  study.  Hoge  et  al.  (2012)  showed 
mixed  results  when  propranolol  or  placebo  was  given  to  emergency  department 
patients  for  19  days  following  trauma.  In  “high-medication  adherence”  subjects, 
those  who  took  the  active  drug  showed  reduced  physiological  reactivity  to  trauma 
imagery  across  three  domains  (electrodermal  response,  HR.  lateral  frontalis  EMG) 
at  1  month  following  trauma  relative  to  those  who  received  placebo.  However,  this 
difference  was  not  found  at  3  months  post-trauma,  nor  was  there  an  elTeel  of 
treatment  on  PTSD  symptoms.  Given  the  very  mixed  literature  lor  treatment  effi¬ 
cacy  of  propranolol  as  a  prophylactic  treatment  for  PTSD  (Vaiva  et  al.  2003;  Stein 
et  al.  2007;  McGhee  et  al.  2009).  the  predictive  validity  of  psychophysio  logical 
measures  for  propranolol  prevention  of  PTSD  symptoms  is  inconclusive.  Current 
studies  have  now  shifted  to  examination  of  propranolol  effects  on  memory  recon- 
solidalion  in  PTSD  patients  (www.clinicaltrials.gov),  based  in  part  on  recent 
findings  that  propranolol  given  immediately  after  reactivation  of  the  trauma 
memory  via  script  preparation  reduces  physiological  responding  to  the  same  script 
one  week  later  (Brunet  et  al.  2009). 

Psychophysio  logical  outcomes  have  also  seen  limited  use  in  studies  investigating 
potential  novel  treatments.  Jovanovic  et  al.  (201 1)  showed  that  dexamethasone 
treatment  reduces  fear-potentiated  startle  in  PTSD  patients,  suggesting  lhal  this 
treatment  could  reduce  physiological  symptoms  of  fear  in  these  patients.  These 
results  provide  preliminary  support  lor  the  predictive  validity  of  fear-potentiated 
startle  in  PTSD.  since  glucocorticoid  agonists  may  reduce  PTSD  symptoms  (Aerni 
et  al.  2004;  Sleekier  and  Risbiough  2012).  An  ongoing  study  is  also  assessing  the 
efficacy  of  corticotropin-releasing  factor  receptor  antagonist  treatment  on  both  PTSD 
symptoms  and  fear- potentiated  startle  (Dunlop  et  al.  2014).  We  expect  that  more 
studies  will  utilize  this  complementary  approach  of  physiological  and  self-report 
measures  to  assess  treatment  efficacy  in  the  future. 

Overall,  psychophysiological  outcomes  have  not  been  utilized  in  treatment 
studies  and  thus  remain  largely  untested  for  sensitivity  to  treatment  effects  for  PTSD. 
An  important  caveat  is  that  some  studies  have  shown  a  pattern  of  treatment- induced 
reductions  in  psychophysiological  arousal,  but  not  in  self-reported  PTSD  symptom 
severity.  This  pattern  of  findings  suggests  several  possibilities.  First,  psychophysi¬ 
ological  alterations  may  not  be  powerful  enough  to  generalize  into  symptom  change 
per  se  (e.g„  Hoge  el  al.  2012).  Second,  psychophysiological  alterations  may  be  one 
of  the  several  potential  mechanisms  of  change  occurring  within  the  same  treatment 
protocol  (e.g..  Rolhhaum  et  al.  2014).  These  conclusions  suggest  that  psycho¬ 
physiological  assessment  may  be  used  as  an  objective  marker  of  treatment  response 
and  have  utility  in  elucidating  mechanism/process  of  change  that  may  vary  across 
subjects  being  treated  with  the  same  protocol.  Further,  psychophysiological 
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assessment  may  have  utility  for  understanding  which  patients  may  benefit  from 
among  several  treatment  modalities  aimed  al  the  same  overt  condition  (Aikens  et  aJ. 
201  i).  More  research  is  required  before  this  approach  can  be  considered  a  realistic 
possibility  in  the  near  term. 

Consideration  of  Mild  Traumatic  Brain  Injury  (mTBI)  in  Psychophysiological 
Investigations  of  Trauma-related  Pathology:  Many  of  the  traumatic  experiences  that 
might  result  in  development  of  PTSD  (motor  vehicle  accident,  physical  assault, 
combat)  also  involve  potential  for  physical  harm.  The  large  numbers  of  blast- related 
injuries  coming  out  of  the  wars  in  Iraq  and  Afghanistan  (Hoge  et  al.  2008)  have 
brought  into  recent  focus  the  potential  relationship  between  mTBI  and  PTSD.  A 
prospective  study  of  service  members  deployed  in  these  conflicts  suggests  a  strong 
association  between  deployment-related  mTBI  and  post-deployment  PTSD  symp¬ 
toms  (Yurgii  et  al.  2014).  These  findings  suggest  that  mTBI  may  need  to  he  con¬ 
sidered  as  an  important  factor  in  assessing  psychophysiological  outcomes  in  PTSD. 
similar  to  its  potential  effects  on  neurocognilive  symptoms  in  PTSD  (Vaslerlingel  al. 
2009,  2012).  Little  research  has  been  conducted  on  how  mTBI  affects  the  physio¬ 
logical  markers  discussed  here,  with  the  exception  of  HRV.  HRV  is  reduced  in  some 
TBI  patients,  with  alterations  related  to  lime  since  injury  and  injury  severity  (Keren 
et  al.  2005;  Baguley  et  al.  2006).  One  study  in  active  duty  marines  with  PTSD 
suggests  that  HRV  is  reduced  in  PTSD  subjects  even  when  controlling  for  TBI 
although  TBI  was  also  independently  associated  with  reduced  HRV  (Minassian  et  al. 
2014).  Williamson  el  al.  (2013)  have  suggested  that  in  cases  of  mTBI -induced 
damage  to  white  mailer  tracts  involved  in  emotional  behavior  (e.g.,  uncinate 
fasciculus  and  the  anterior  limh  of  the  internal  capsule)  may  cause  disruption  of  top- 
down  control  of  autonomic  nervous  system  activity  reflected  in  psychophysiological 
measurements.  These  forms  of  disruption  could  also  explain  the  higher  risk  for 
development  of  PTSD  in  individuals  exhibiting  mTBI  (Yurgii  el  al.  2014).  Inter¬ 
estingly.  recent  animal  studies  have  also  supported  that  mild  TBI  could  result  in 
sensitization  of  fear  learning  processes  (Heidi  el  al.  2014).  Thus,  mTBI  should  be 
carefully  considered  in  future  assessments  of  PTSD-reiated  physiology,  particularly 
in  abnormalities  of  cortical-mediated  inhibitory  processes  and  fear  learning  con¬ 
structs.  to  understand  its  modulating  or  mediating  role  in  psychophysiological 
abnormalities  in  PTSD. 

Wearable  Physiological  Monitoring  Technology:  Although  the  specific  physio¬ 
logical  abnormalities  linked  to  trauma  symptoms  are  becoming  more  clear  as 
reviewed  above,  one  of  the  next  steps  for  the  field  is  to  determine  whether  these 
measures  can  translate  to  clinical  applications,  such  as  prediction  of  symptom 
development,  symptom  class,  and/or  treatment  response.  Moving  these  measures  to 
clinical  applications  faces  significant  hurdles,  one  of  which  is  the  development  of 
more  usuhle  devices  that  are  not  dependent  on  narrow  laboratory-specific  parameters 
or  expensive  and  complicated  hardware.  One  potential  area  for  psychophysiology 
variables  in  mental  health  in  the  future  is  use  of  “wearable”  devices  in  subjects  that 
have  experienced,  or  at  risk  for.  trauma  (Darwish  and  Hassanien  2011). 
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There  is  a  strong  push  both  in  private  and  academic  medical  sectors  to  imple¬ 
ment  wearable  devices  for  a  host  of  medical  purposes  including  diabetes,  cardio¬ 
vascular  disease  management,  cognitive  therapy  aids,  and  other  lifestyle  aids  for 
better  wellness,  Predictive  psychophysiological  variables  relevant  to  PTSD  phe¬ 
notypes  that  may  be  conducive  to  wearable  technology  are  measures  of  physical 
activity  via  accelerometers  (e.g.,  Fukukawa  et  al.  2004),  sleep  (Suzuki  el  al.  2014), 
skin  conductance  (Rajun  et  al.  2012),  HR  and  1-1RV  (Billed  el  al.  2014),  EMG 
(Grenier  et  al.  2012),  and  EEG  (Zao  et  al.  2014).  The  development  of  these  wea¬ 
rables  will  enable  assessment  of  dynamics  of  physiology  in  naturalist  settings,  at 
rest  (i.e.,  sleep)  as  well  as  during  stress.  These  devices  may  help  answer  the 
question  of  which  physiological  variable,  or  combination  of  variables,  might  be 
able  to  predict  development  of  PTSD  symptoms  after  trauma  exposure  (e.g.,  after 
discharge  from  the  ER/hospilal).  Another  question  is  if  physiological  markers  are 
sensitive  to  treatment,  and  when  in  the  recovery  process  does  this  happen  (i.e., 
could  these  markers  serve  as  early  predictors  of  treatment  response?).  Many  of 
these  variables  are  not  “static,”  for  example,  longer-term  assessment  of  sleep  var¬ 
iance  across  multiple  nights  will  enable  a  much  more  comprehensive  picture  than 
can  feasibly  be  obtained  in  laboratory  settings.  Similarly,  HRV  over  long  lime 
periods  will  provide  greater  fidelity  in  the  assessment  of  cardiovascular  changes 
after  trauma.  Some  wearable  devices  may  also  be  utilized  in  “at-risk”  populations, 
such  as  rescue  service  and  military  personnel,  to  develop  algorithms  of  risk  based 
on  physiological  response  and  recovery  after  trauma  exposure.  This  approach  is 
currently  being  examined  in  the  military  (Tharion  et  al.  2013).  However,  a  number 
of  hurdles  must  he  considered  in  terms  of  fcasib  i  I  ■  ty/pracli  cal  it  y  of  the  technology, 
the  data  quality,  storage  capacity,  and  of  course  the  ethical  component  of  resulting 
data  being  used  or  stored  improperly. 

One  example  of  current  status  of  technology  is  assessment  of  continuous  HR. 
HRV  can  now  be  obtained  via  sophisticated  wearable  devices  (e.g.,  pulse  oximeter 
introduced  into  a  wrist  watch)  over  long  periods  of  time  with  little  burden  to  the 
subject.  However,  technical  challenges  must  be  addressed,  including  Hie  high 
sampling  rale  needed  for  HRV  assessments  that  can  produce  power  and  data  sLorage 
limitations  for  continuous  monitoring.  Data  quality  is  also  affected  significantly  by 
movement  artifact  for  many  of  these  devices.  Thus,  despite  significant  promise, 
many  technical  limitations  must  be  addressed  before  these  devices  will  produce 
reliable  physiological  assessments  for  utility  in  prediction  and  intervention. 


6  Conclusion 

As  discussed  above,  there  are  now  a  number  of  well- validated  physiological  phe¬ 
notypes  that  are  reliable  across  multiple  studies/laboratories,  including  increased  and 
poorly  inhibited  physiological  responses  to  threat  (eleclrodermal  and  EMG),  as  well 
as  altered  HRV.  We  are  just  now  beginning  to  understand  these  measures  in  a  larger 
context  of  symptom  domains,  as  well  us  comorbid  symptoms  (depression,  TB1,  etc.). 
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Much  more  work  is  needed,  however,  to  refine  these  phenotypes  in  terms  of  specific 
associations  with  PTSD  symptoms  versus  other  anxiety  disorders  and  comorbid 
symptoms  (depression,  TBI).  Importantly,  many  of  these  phenotypes  are  now  well 
mapped  to  circuitry  that  supports  translational  research  across  species  for  mecha¬ 
nisms  driving  these  phenotypes,  which  will  support  development  of  novel  treatment 
targets.  To  this  end,  psychophysiological  measures  are  increasingly  being  used  as 
complementary  measures  for  integration  with  both  self-report  and  other  biological 
assessments  (e.g.,  blood-based  or  genetic  markers).  We  expect  much  more  research 
in  the  years  to  come  with  these  tools  for  objective  assessment  of  treatment  outcome. 
Finally,  in  the  long  term,  wearable  technology  could  accelerate  the  feasibility  of 
these  markers  as  tools  to  identify  risk  and  symptom  development  in  clinical  settings. 
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Sommory:  The  etiology  of  post-traumatic  stress  disorder  (PTSD)  likely  involves  the  interaction  of 
numerous  genes  and  environmental  factors.  Similarly,  gene -express ion  levels  in  peripheral  blood 
are  influenced  by  both  genes  and  environment,  and  expression  levels  of  many  genes  show  good 
correspondence  between  peripheral  blood  and  brain  tissues.  In  that  context,  this  pitot  study 
sought  to  test  the  following  hypotheses:  (1)  post-trauma  expression  levels  of  a  gene  subset  in 
peripheral  blood  would  differ  between  Marines  with  and  without  PTSD;  (2)  a  diagnostic  biomarker 
panel  of  PTSD  among  high-risk  individuals  could  be  developed  based  on  gene-expression  in  readily 
assessable  peripheral  blood  cells;  and  (3)  a  diagnostic  panel  based  on  expression  of  individual 
exons  would  surpass  the  accuracy  of  a  model  based  on  expression  of  fulL- length  gene  transcripts. 
Gene-expression  levels  in  peripheral  blood  samples  from  50  U.S.  Marines  (25  PTSD  cases  and 
25  non -PTSD  comparison  subjects)  were  determined  by  microarray  following  their  return  from 
deployment  to  war- zones  in  Iraq  or  Afghanistan.  The  original  sample  was  carved  into  training  and 
test  subsets  for  construction  of  support  vector  machine  classifiers.  The  panel  of  peripheral  blood 
biomarkers  achieved  80%  prediction  accuracy  in  the  test  subset  based  on  the  expression  of  just 
two  full-length  transcripts  (G5TA1 7  and  G5TM2).  A  biomarker  panel  based  on  20  exons  attained 
an  improved  90%  accuracy  in  the  test  subset.  Though  further  refinement  and  replication  of 
these  biomarker  profiles  are  required,  these  preliminary  results  provide  proof -of -principle  for  the 
diagnostic  utility  of  blood-based  mRNA-expression  in  PTSD  among  trauma-exposed  individuals. 
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t.  Introduction 

Post-traumatic  stress  disorder  (PTSD)  is  a  severe  anxiety  syn¬ 
drome  that  is  currently  diagnosed  based  on  the  emergence 
and  persistence  of  core  clinical  symptoms  including  hyper¬ 
arousal,  re -experiencing,  avoidance,  or  emotional  numbing 
for  a  period  greater  than  one  month.  Early  psychosocial 
intervention  after  stress  exposure  may  help  reduce  some 
of  the  symptoms  and  prevent  the  development  of  chronic 
PTSD  (Liu  et  aL,  2002),  However,  many  individuals  initially 
presenting  with  PTSD- like  symptoms  recover  spontaneously 
and  do  not  develop  chronic  PTSD  (McFarlane,  1997),  Thus, 
identifying  which  individuals  will  benefit  most  from  early 
intervention  can  be  challenging.  Despite  possible  bene¬ 
fits  of  early  intervention  and  a  growing  knowledge  of  the 
pathophysiology  accompanying  PTSD,  a  readily  assessable 
diagnostic  biomarker  for  PTSD  has  yet  to  be  validated. 

Classical  descriptions  of  PTSD  pathophysiology  have 
included  dys regulation  of  the  hypothalamic-pituitary- 
adrenal  (HPA)  axis,  but  a  specific  pattern  of  dysregutation  is 
not  consistently  observed  across  studies.  Similarly,  height¬ 
ened  inflammatory  signaling  has  been  reported  in  some  (but 
not  all)  contexts  (Baker  et  at,,  2012b).  Some  have  proposed 
a  model  of  insufficient  regulation  of  inflammatory  signaling 
(Heinzelmann  and  Gill,  2013).  Vet,  there  is  an  apparent 
paradox;  r,e,t  the  observation  that  peripheral  blood  mono¬ 
nuclear  cells  (PBMCs)  from  PTSD  patients  show  increased 
sensitivity  to  glucocorticoid- mediated  suppression  of  an  in- 
situ  inflammatory  response  (van  Zuiden  el  aL,  2012b). 

There  is  considerable  evidence  that  generic  effects,  envi¬ 
ronmental  influences,  and  their  interaction  play  a  role  in 
the  development  of  PTSD  (Afifi  et  aU  2010;  Koenen  et  aL, 
2009;  True  et  aU  1993).  There  is  a  well-established  body 
of  clinical  literature  supporting  a  link  between  early  life 
events,  previous  exposure  to  traumatic  stress,  and  other 


psychosocial  factors  with  the  development  of  PTSD  (Brewi'n 
et  ah,  2000;  Ozer  et  ah,  2003;  DiGangi  et  aU  2013).  Many 
biological  investigations  of  PTSD  have  focused  on  the  HPA 
axis  and  glucocorticoid  receptor  (GR)  signaling  pathways. 
In  a  cross-sectional  study,  Binder  et  aL  (2008)  identified  an 
interaction  between  child  abuse  history  and  genetic  poly 
morph  isms  in  FKBP5  (a  negative  regulator  of  GR  sensitivity) 
in  predicting  adult  PTSD  symptomology  among  a  sample  of 
non-psychiatric  medical  clinic  patients,  Mehta  et  aL  (201 1 ) 
described  the  association  between  genetic  polymorphisms  in 
FKBP5  and  dys regulated  neuroendocrine  profiles  described 
in  PTSD.  van  Zuiden  et  aL  (201 2a J  provided  evidence  that 
increased  GR  density  is  a  pre-trauma  risk  factor  for  the 
development  of  PTSD  and  that  dysregulation  of  GR  density 
may  be  associated  with  an  interaction  between  polymor¬ 
phisms  in  the  GR  gene  and  concomitant  early  life  stress. 
Another  tine  of  research  suggests  that  genetic  variants  in 
corticotropin-releasing  hormone  type  1  receptor  {CRHRl) 
are  a  risk  factor  for  PTSD  in  children  who  were  abused  at 
an  early  age  (Gillespie  et  aL,  2009),  PTSD  is  thus  thought  to 
be  a  disorder  whose  development  is  influenced  by  multiple 
genetic  and  environmental  effects  that  establish  a  suscep¬ 
tible  biological  state;  this  vulnerability  may  be  reflected  in 
gene-expression  signatures. 

In  fight  of  the  less-than-absolute  heritability  of  PTSD 
and  the  prominent  role  of  environmental  factors,  the  pur¬ 
suit  of  static  genetic  markers  alone  (e.g,,  single  nucleotide 
polymorphisms  and  copy-number  variations)  likely  will  not 
yield  a  suitable  diagnostic  biomarker.  Gene -expression  (r,e> . 
mRNA)  levels,  which  potentially  reflect  the  effects  of  both 
heredity  and  environment,  may  be  better  indicators  of  the 
aberrant  biology  underlying  PTSD.  PTSD  clearly  is  a  brain  dis¬ 
order,  but  assaying  gene-expression  levels  either  acutely 
or  longitudinally  -  in  the  brains  of  living  human  subjects 
at  risk  for  PTSD  is  impossible.  Yett  peripheral  blood  expres¬ 
sion  levels  of  many  genes  are  moderately  correlated  with 
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the  expression  levels  of  those  genes  in  other  tissues,  includ¬ 
ing  postmortem  brain  (Tylee  et  al.,  2013)  suggesting  the 
possibility  that  peripheral  blood  gene-expression  can  be 
harnessed  to  construct  useful  profiles  of  brain  disorders.  Pre¬ 
vious  work  by  our  group  and  by  others  has  demonstrated 
that  peripheral  blood  gene-expression  provides  a  useful 
biomarker  signal  for  a  number  of  neuropsych  t  a  trie  disor¬ 
ders*  including  schizophrenia,  bipolar  disorder,  and  autism 
spectrum  disorders  (Glatt  et  at,  2009,  2005:  Tsuang  et  al* 
2005), 

In  the  context  of  PTSD,  several  prior  studies  identi¬ 
fied  differences  in  peripheral  blood  gene -expression  levels 
between  individuals  with  PTSD  and  similarly  exposed  com* 
parison  subjects  without  PTSD  (Neylan  et  al.  2011;  Segman 
et  al,  2005;  Yehuda  et  al*  2009:  Zieker  et  al**  2007)  (see 
Glatt  et  at,  ,2013  for  a  brief  review  of  these  studies).  Taken 
together,  these  studies  suggest  that  PTSD  is  associated  with 
alterations  in  peripheral  blood  gene  transcripts  thought  to 
play  a  role  in  HPA  axis  function,  glucocorticoid  signaling* 
immune  and  inflammatory  signaling*  and  metabolism  of 
reactive  oxygen  species.  Consolidating  this  evidence  with 
the  results  from  a  large  body  of  epidemiologic*  genomic, 
and  neurobiological  studies  of  the  disorder  (e.g**  Uddin 
et  al**  2010)  led  us  to  recently  propose  a  theory  of  PTSD 
predicated  on  dysregulation  of  immune  and  inflammatory 
processes  in  general*  and  cellular  immunity  in  particular 
(Baker  et  al.4  2012b)*  We  maintain  that  a  variety  of  specific 
genetic  factors  and  environmental  influences  may  play  a  role 
in  producing  this  dysregulated  immune  and  inflammatory 
phenotype  within  different  individuals,  for  this  reason,  we 
propose  that  a  blood -based  diagnostic  biomarker  calibrated 
to  detect  commonly -dysregulated  Immune  and  inflamma¬ 
tory  transcripts  may  ultimately  provide  the  best  sensitivity 
for  detecting  PTSD  within  a  clinical  sample.  Our  previous 
work  in  this  domain  supports  this  hypothesis  and  further 
proposes  that  pre-existing  dysregulation  of  immune  and 
inflammatory  processes  may  dispose  individuals  to  develop 
PTSD  at  some  future  time,  following  exposure  to  trau¬ 
matic  stress  (Glatt  et  al*  *  2013).  Another  recent  publication, 
examining  a  large  group  of  Marine  Resiliency  Study  subjects 
across  multiple  cohorts*  provided  strong  evidence  that  pre- 
deployment  inflammation  levels*  assessed  via  measurement 
of  plasma  C- reactive  protein  level,  were  a  strong  positive 
predictor  for  the  development  of  post -deployment  PTSD 
after  controlling  for  other  risk  factors  (Eraly  et  al.,  2014). 

In  the  context  of  this  prior  work,  we  report  here 
the  results  of  a  pilot  study  examining  transcriptome-wide 
expression -profiling  of  pre-  and  post -exposure  peripheral 
blood  samples  from  individuals  with  uniquely  elevated  rates 
of  trauma  exposure  and  PTSD  development:  participants 
in  the  Marine  Resiliency  Study  (MRS)  following  return  from 
active  war  zones  In  Iraq  or  Afghanistan*  as  part  of  an  ongo¬ 
ing  longitudinal  investigation  (Baker  et  al,*  2012a).  The 
objectives  of  this  pilot  study  were  to  evaluate  the  follow¬ 
ing  hypotheses:  (1)  post-trauma  expression  levels  of  some 
genes  in  peripheral  blood  cells  would  differ  between  Marines 
with  PTSD  and  matched  comparison  subjects;  (2)  a  readily 
assessable,  predictive  biomarker  panel  of  the  PTSD  diag¬ 
nostic  status  could  be  developed  based  on  gene -expression 
levels  in  peripheral  blood  cells;  and  (3)  a  diagnostic  panel 
based  on  the  expression  of  individual  exons  would  sur¬ 
pass  the  accuracy  of  a  model  based  on  the  expression  of 


full-length  transcripts  of  genes.  We  interpret  the  results 
of  these  analyses  in  two  contexts;  (1)  as  a  means  of 
identifying  biological  functions*  processes*  pathways*  and 
protein  domains  whose  genomic  dysregulation  may  indicate 
or  influence  the  development  of  the  disorder;  and  (2)  as 
an  approach  to  the  construction  of  classifiers  that  might 
ultimately  assist  in  the  clinical  diagnosis  of  PTSD  in  such 
populations. 


2.  Methods 

2.1.  Ascertainment  and  clinical  characterization 
of  subjects 

The  MRS  is  a  prospective  study  of  factors  predictive  of 
PTSD  among  approximately  2,600  Marines  in  four  battal¬ 
ions  deployed  to  Iraq  or  Afghanistan.  The  research  team 
conducted  structured  clinical  interviews  on  Marine  bases 
and  collected  blood  samples  and  data  at  four  time  points: 
pre -deployment,  and  1-week*  3 -months,  and  6- months  post- 
deployment.  Measures  collected,  including  those  used  in  this 
study,  have  been  described  in  detail  previously  (Baker  et  al  * 
2012a)* 

The  principal  exclusion  criteria  were  identical  to  those 
used  for  the  pre-deployment  gene-expression  studies  (Glatt 
et  at.,  2013).  Subjects  were  excluded  if  they  showed 
clinically  significant  PTSD  prior  to  deployment,  manifesting 
in:  1)  a  pre-deployment  PTSD  Checklist  (PCL)  score  >44; 
and/or  2)  a  pre-deployment  diagnosis  of  PTSD  based  on  the 
Clinician- Administered  PTSD  Scale  (CAPS).  PTSD  cases  were 
identified  as  those  subjects  who  were  issued  a  CAPS -based 
PTSD  diagnosis  at  3-  and/or  6-months  post-deployment. 
Unaffected  comparison  subjects  were  identified  as  those 
subjects  who*  at  no  time*  attained  a  PCL  score  >44  and  who 
were  not  issued  a  CAPS-based  PTSD  diagnosis  at  any  post- 
deployment  interview.  Among  subjects  who  were  included 
in  the  full  MRS  sample  and  assigned  to  case  or  comparison 
groups  based  on  these  criteria*  we  then  selected  for  anal¬ 
ysis  25  male  PTSD  cases  and  25  male  comparison  subjects 
based  on  similar  demographics,  pre -deployment  clinical 
characteristics,  deployment  history,  and  levels  of  trauma 
exposure  as  determined  from  the  combat  and  post-battle 
experiences  subscales  of  the  deployment  risk  and  resilience 
inventory  (DRRI)*  The  group  of  subjects  selected  for  this 
study  largely  overlapped  with  those  featured  in  oui  previous 
study  of  pre-deployment  gene-expression  (Glatt  et  aL, 
2013);  24  of  the  25  PTSD  cases  and  23  of  the  25  comparison 
subjects  within  the  present  study  were  also  featured  in 
the  pre-deployment  study.  The  demographic,  clinical* 
and  combat-experiential  characteristics  of  the  subjects 
are  shown  in  Table  1.  The  two  groups  were  comparable 
on  all  demographic  and  combat-experiential  variables. 
Within  both  the  case  and  comparison  groups,  50%  of  the 
subjects  had  previously  been  deployed  on  at  least  one 
occasion  and  the  average  number  of  previous  deployments 
was  not  significantly  different  between  the  two  groups. 
Although  no  subject  met  diagnostic  threshold  for  PTSD  at 
pre-deployment  as  determined  by  either  clinician  ratings 
on  the  CAPS  or  self-ratings  on  the  PCL*  the  eventual  PTSD 
cases  did  have  significantly  higher  clinician  ratings  on  the 
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Table  1  Demographic,  clinical,  and  experiential  characteristics  of  PTSD  cases  and  non-PTSD  comparison  subjects* 

PTSD  cases 

Comparison  subjects 

P 

Sample  size:  n 

25 

25 

Age: 

22.4  ±3.1 

21  *9  ±  3*1 

0.576 

Previously  deployed:  n  (%) 

13  (52.0) 

1 3  (52*0) 

1.000 

Ancestry:  Caucasian  n  (%) 

17  (68.0) 

19  (76*0) 

0.754 

Cohort  n  (%):  1 

3  (12.0) 

5  (20.0) 

0.721 

2 

8  (32.2) 

8  (32*2) 

3 

14  (56.0) 

12  (48*0) 

DRRI  combat  experiences 

18.5  ±  13.0 

19*3  ±  14*8 

0.846 

DRRI  post-battle  experiences 

7.25  ±4.5 

8.0±4.5 

0.518 

CAPS  pro -deployment 

22.4  ±118 

14*0±8*7 

0.006* 

CAPS  3-months  post-deployment 

62. 8±  19.0 

11*8±10*8 

<0.001* 

PCI  pre-deployment 

24.3  ±6.5 

22.8  ±3.4 

0.330 

PCL  1-week  post -deployment 

42.9±17.2 

23. 0±  5.2 

<0.001* 

PCL  3-months  post-deployment 

49. 0±  12.4 

21 .6  ±6.1 

<0.001* 

PC  L  6  -  mon  th  s  pos  t  -  d  e  ploy  men  t 

39.3  ±15.0 

19  *8  ±2*4 

<0.001* 

Notes:  (1)  demographic  characteristics  of  each  sample  are  reported  as  mean±s*d,  unless  otherwise  noted*  (21  Sample  means  and 
proportions  were  compared  using  independent  samples  t-tests  and  chi-square  tests,  respectively.  (3)  p- Values  <  *05  are  indicated  with\ 


LAPS  at  pre-deployment,  whereas  no  significant  difference 
in  pre-deployment  self-ratings  on  the  PCL  were  observed 

2,2*  mRNA  sample  acquisition,  stabilization, 
isolation,  and  storage 

Close  collaboration  with  the  Marine  Corps  and  the  Navy, 
which  provides  health  support  for  the  Marine  Corps,  enabled 
comprehensive  on-site  data  collection*  Clinical  interviews 
and  sample  blood  draw  (10ml)  were  both  performed  within 
4  h  of  each  other  on  the  same  day,  3  months  after  return 
from  deployment.  Specific  methods  for  stabilization,  isola¬ 
tion  and  storage  of  mRNA  samples  were  described  previously 
(Glatt  et  aL,  2013). 

2.3,  mRNA  quantitation,  quality  control,  and 
hybridization 

Specific  methods  employed  for  mRNA  sample  quantitation 
and  quality  control  assessment  were  also  described  previ¬ 
ously  (Glatt  et  at,  2013).  The  quantity  and  purity  of  mRNA 
in  each  of  the  50  samples  were  sufficient  for  microarray 
hybridization  assay.  Two  batches  of  25  samples  each  (bal¬ 
anced  with  PTSD  cases  and  controls)  were  then  assayed 
on  GeneChip1^  Human  Exon  1.0  ST  Arrays  (Affymetrix,  Inc*; 
Santa  Clara,  CAr  USA)  per  the  M  Whole  Transcript  Sense  Tar¬ 
get  Labeling  Assay'*  protocol  (Affymetrix,  2006)  using  1  pg 
of  total  RNA  from  each  sample. 

2.4*  Microarray  data  import,  normalization, 
transformation,  summarization,  and  quality  control 

Parted  Genomics  Suite  software,  version  6.6  2012  (Partek 
Incorporated;  St*  Louis,  MO),  was  utilized  for  all  analytic 
procedures  performed  on  microarray  scan  data*  Interrogat¬ 
ing  probes  were  imported,  and  corrections  for  background 
signal  were  applied  using  the  robust  mutt) -array  average 


(RMA)  method  (Irizarry  et  al.t  2003),  with  additional  cor¬ 
rections  applied  for  the  GC-content  of  probes.  The  set  of 
GeneChips  was  standardized  using  quantile  normalization 
and  expression  levels  of  each  probe  underwent  log-2  trans¬ 
formation  to  yield  distributions  of  data  that  more  closely 
approximated  normality*  As  most  genes  were  measured  by 
multiple  probe  sets  (typically  one  probe  set  per  exon,  but 
sometimes  more),  summarization  of  probes  took  place  at 
two  levels:  first,  probes  tagging  the  same  exon  were  sum¬ 
marized  by  median  polish  to  arrive  at  one  expression  value 
per  exon;  second,  exons  tagging  the  same  gene  were  sum¬ 
marized  by  median  polish  to  arrive  at  one  expression  value 
per  gene*  All  probesets  were  expressed  with  a  signal: noise 
ratio  >3;  thus,  no  probesets  were  excluded  from  analy¬ 
ses  of  differential  expression*  A  total  of  257,106  probesets 
were  analyzed,  mapping  to  28,536  whole  transcripts  and 
253,002  exons.  Unsupervised  clustering  of  subjects  revealed 
no  evidence  of  batch  effects  based  on  scan  date*  Principal 
Components  Analysis  (RCA)  of  the  50  post  deployment  data 
points  identified  no  outliers;  all  50  subjects*  data  were  well 
within  the  four-5D  ellipsoid  on  each  of  the  first  three  PCA 
dimensions,  and  deviation  among  redundant  probes  located 
within  the  same  chip  was  tow* 

2,5*  Microarray  data  analyses 

four  independent  sets  of  analyses  were  performed  on  the 
microarray  data,  as  described  below*  For  analyses  of  covari¬ 
ance  (ANVOGAs),  nominal  uncorrected  p- value  thresholds 
were  selected  in  order  to  generate  reasonably  sized  lists  of 
differentially  expressed  genes  and  exons  for  biological  anno¬ 
tation  analysis  and  machine  learning  classifier  construction* 

2*5*1,  Identification  of  differentially  expressed  genes 
and  their  associated  biological  terms 
We  utilized  ANVOGAs  to  determine  which  full-length 
genetic  transcripts  were  differentially  expressed  at  post¬ 
deployment  in  peripheral  blood  celts  between  PTSD  cases 
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(n-25)  and  comparison  subjects  (n  =  25),  We  performed 
28 , 536  ANCOVAs  to  assess  each  gene's  expression  level  as  a 
function  of  PTSD  status  (case  or  control),  deployment  cohort 
(three  levels  corresponding  to  three  battalions  deployed  at 
different  times),  age,  ancestry  (dichotomized  as  Caucasian 
or  not,  as  most  subjects  were  Caucasian),  and  prior  deploy¬ 
ment  status  (first  or  subsequent  deployment). 

Family-wise  Bonferroni'correction  was  applied  to  the 
ANCQVA  p-values  to  determine  whether  any  genes  reached 
a  genome- wide  level  of  significance.  To  generate  a  rela¬ 
tively  large  candidate-gene  list  for  functional  profiling  and 
construction  of  classifiers,  we  utilized  an  uncorrected  type- 
I -error  rate  for  diagnosis  in  these  anatyses  at  0.01.  We  then 
reduced  the  dimensionality  of  the  resulting  list  of  candidate 
biomarkers  through  analysis  of  annotation-enrichment  using 
the  DAVID  algorithm  (Dennis  et  ah,  2003)  to  determine  if 
the  gene  list  disproportionately  represented  any  biological 
"terms' '.  Details  of  the  enrichment  analysis  are  described 
previously  (Glatt  et  ahn  2013)*  Bonferroni-correction  was 
applied  to  the  p- values  obtained  in  the  enrichment  analyses 
of  these  annotation  terms, 

Pearson  correlations  were  examined  between  each  gene 
and  the  summed  score  from  both  DRRI  subscales  (Combat 
Experience  Scale  and  Post- Battle  Experience  Scale),  first 
within  the  PTSD  group,  and  separately  within  the  comparison 
group,  in  order  to  identify  genes  whose  expression  level  var¬ 
ied  with  the  degree  of  combat  stress  exposure.  Family-wise 
Bonferonni  and  FDR  q- values  were  used  to  correct  for  mul 
tiple  observations.  Among  PTSD  cases,  the  genes  associated 
with  the  200  most  significant  correlations  were  analyzed  for 
biological  annotations  enrichment  using  DAVID. 


2*5.2,  Discovery  and  replication  of  gene-based 
diagnostic  predictors 

We  utilized  a  machine-learning  technique  (support  vec¬ 
tor  machine,  SVM)  to  construct,  evaluate,  optimize*  and 
cross- validate  classification  algorithms  predicting  PTSD  sta¬ 
tus  based  on  gene -expression  levels  at  post -deployment 
for  a  training  subset  of  our  full  samp/e.  Training  (rj~40) 
and  validation  (n  =  10)  subsets  (distinct  from  those  utilized 
in  Glatt  et  aL  (2013))  were  carved  from  the  full  sample 
using  pseudo  random  selection  in  order  to  preserve  a  simi¬ 
lar  distributions  of  diagnostic  status,  demographic  features 
(age,  ancestry),  and  covariate  values  (deployment  cohort, 
prior  deployments)  for  both  subsets.  All  analyses  for  clas¬ 
sifier  construction  were  carried  out  in  the  training  subset 
and  completely  independent  from  the  test  subset*  Using 
the  same  panel  of  factors  and  covariates  described  above* 
28,536  ANCOVAs  were  performed;  we  generated  a  large  list 
of  candidate  genes  based  on  a  nominally-selected  uncor¬ 
rected  p<G.01.  The  probes  on  this  list  were  then  supplied 
as  potential  predictors  in  an  SVM,  as  various  model  parame¬ 
ters  and  predictor  combinations  were  evaluated  to  identify 
the  model  with  the  highest  accuracy  in  identifying  cases 
and  comparison  subjects  based  solely  on  the  expression 
levels  of  a  minimal  gene  set  identified  by  shrinking  cen 
troids  after  two-level  nested  10-fold  cross-validation.  The 
top- performing  model  was  then  deployed  on  the  test  sub¬ 
set  (5  cases  and  5  comparison  subjects)  to  determine  its 
generalizability  in  accurately  predicting  case  status  based 
on  gene-expression  levels.  (The  10  subjects  used  for  model 


validation  were  not  significantly  different  from  those  in  the 
training  set  in  terms  of  demographic,  gene-expression  QC, 
experiential*  or  clinical  factors;  data  not  shown.) 

2.5.3,  Identification  of  differentially  expressed  exons 
and  their  associated  biological  terms 

Within  the  full  sample  (n  =  5QL  we  examined  exon- 
expression  levels  utilizing  22,204  ANCOVAs  to  identify 
putative  alternative  splicing  differences  between  individ¬ 
uals  with  PTSD  and  comparison  subjects.  The  same  factors 
evaluated  in  gene-based  analyses  (PTSD  status,  cohort,  age, 
ancestry  and  prior  deployment  status)  were  assessed  for 
their  main  effects  and  their  interaction  with  exonID  as  pre¬ 
dictors  of  exon -expression  levels;  the  PTSD  status  x  exonID 
interaction  term  was  examined  as  an  indicator  of  putative 
alternative  splicing,  e/.  (Glatt  et  aL,  2009).  Family-wise 
Bonferroni-correction  was  applied  to  the  ANCOVA  p- values 
to  determine  whether  any  interaction  term  reached  a 
genome -wide  level  of  significance.  We  utilized  an  un  cor¬ 
rected  type-l-error  rate  of  0,0005  to  obtain  a  candidate 
gene-list  for  functional  profiling  and  classifier  construction. 
Enrichment  anatyses  were  performed  using  the  DAVID  algo¬ 
rithm  and  were  evaluated  against  a  Bonferroni-corrected 
p-value  accounting  for  the  number  of  terms  evaluated. 

2.5.4.  Discovery  and  replication  of  exon-based 
diagnostic  predictors 

As  outlined  above  for  full-length  transcripts  under  Section 
2,  we  used  SVMs  to  construct,  evaluate,  optimize,  and  cross- 
validate  classification  algorithms  predicting  eventual  PTSD 
status  based  on  exon-expression  levels  at  pre-deployment 
for  the  same  framing  subset  of  our  futl  sample.  Using  iden¬ 
tical  subject  allocations  to  training  and  validation  subsets; 
we  first  generated  a  large  candidate  list  of  putatively  alter¬ 
natively  spliced  genes  within  the  training  subset  (nominal 
uncorrected  p<  0.0005  for  the  interaction  of  PTSD  status 
and  exon  ID) ,  using  22,204  ANCOVAs  and  the  same  panel  of 
factors*  co variates,  and  interaction  terms  described  above. 
For  each  gene  on  the  list*  the  most  significantly  dysregulated 
exon  was  identified  and  supplied  as  a  potential  predictor  in 
the  SVM  classifiers.  Various  model  parameters  and  predic¬ 
tor  combinations  were  then  evaluated  to  identify  the  model 
with  the  highest  accuracy  in  identifying  cases  and  com¬ 
parison  subjects  based  solely  on  the  expression  levels  of  a 
minimal  exon  set  identified  by  shrinking  centroids  after  two- 
level  nested  10-fold  cross-validation.  The  top -performing 
model  was  then  deployed  on  the  test  subset  (5  cases  and 
5  comparison  subjects)  to  determine  its  generalizability  in 
accurately  predicting  case  status  based  on  exon-expression 
levels. 

2*6.  Validation  of  gene-expression  with 
quantitative  real  time  polymerase  chain  reaction 

A  subset  of  nine  transcripts  featured  in  SVM  classifiers 
wore  selected  for  validation  with  quantitative  real  time 
polymerase  chain  reaction  (QRTPCR}.  First,  total  RNA  was 
quantitatively  converted  with  Fllgh-Capacity  cDNA  Reverse 
Transcription  Kits  (Applied  Biosystems,  San  Diego  City*  CA) 
to  generate  single- stranded  cDNA  (for  a  20|j_t  reaction). 
Aliquots  of  20 ng  of  cDNA  were  analyzed  via  QRTPCR  using 
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the  Prism  7900  HT  Fast  Real-Time  PCR  system  (Applied 
Biosystems},  Statistical  analysis  was  performed  using  the 
comparative  ACT  method.  All  reactions  were  run  in  dupli¬ 
cate  and  normalized  against  gyceratdehyde-3-  phosphate 
dehydrogenase  (GAPDH)  and  hypoxanthine  phosphoribosyt- 
transferase  1  (W?7~7j.  For  one  transcript  (G5TA1?),  QRTPCR 
analysis  was  repeated  with  75  ng  cDNA  in  order  to  compen¬ 
sate  for  tow  signal.  The  fold  change  values  were  compared 
using  independent  samples  t-tests  (p<0*05). 

3.  Results 

3.1.  identification  of  differentially  expressed 
genes  and  their  associated  biological  terms 

No  gene's  expression  level  was  related  to  PT5D  status  at 
a  Bonf  err  am-corrected  level  of  significance,  which  is  not 
surprising  given  the  relatively  small  sample  size  and  large 
number  of  transcripts  tested.  We  did,  however,  identify  64 
probes  dysregulated  with  a  nominally  significant  p<0,01 
in  Marines  diagnosed  with  PTSD  (Table  2),  Thirty  three  of 
these  64  probes  were  down -regulated,  whereas  31  were 
up-regulated.  Log2  fold-change  (FC}  of  these  probes  in  even¬ 
tual  PTSD  cases  ranged  from  2. 00-fold  down- regulation  to 
1.66-fold  up -regulation.  Among  the  64  probes,  59  were  rec¬ 
ognized  pathway  participants  within  the  DAVID  database; 
however,  no  significantly  enriched  annotations  were  iden¬ 
tified.  Exploratory  pathway  analysis  of  the  differentially 
expressed  genes  in  Table  2  using  the  Reactome  database  also 
revealed  no  significant  enrichments.  When  examining  gene- 
expression  levels  significantly  correlated  with  summed  DRRI 
score,  no  correlation  p- values  survived  genome- wide  correc¬ 
tion  among  comparison  subjects.  Among  PTSD  cases,  13,336 
correlation  p-values  survived  an  FDR  correction  threshold  of 
5%,  The  probesets  featured  in  the  200  most  significant  corre¬ 
lations  were  submitted  to  DAVID  for  annotation  enrichment 
analysis.  The  following  terms  were  significantly  enriched, 
with  corresponding  Bon ferroni -corrected  p- values:  regula¬ 
tion  of  actin  cytoskeleton  (5  of  8  probesets  down- regulated 
in  PTSD,  p  =  0.Q3),  nucleotide-binding  (17  of  30  probesets 
down-regulated,  p-0.04),  host- virus  interaction  (6  of  10 
probesets  down -regulated,  p  =  Q*Q7),  and  long-term  depres¬ 
sion  (4  of  5  up-regulated  in  PTSD,  p  =  0,03). 

3,2*  Discovery  and  replication  of  a  gene-based 
diagnostic  predictor 

To  construct  a  gene-based  classifier  and  assess  its  gen¬ 
era  tizabitity,  we  first  derived  a  list  of  potential  classifier 
transcripts  as  those  probes  with  a  difference  in  expres¬ 
sion  between  PTSD  case  and  comparison  subjects  attaining 
p*0.01  in  a  training  subsample  of  20  cases  and  20  com¬ 
parison  subjects  while  controlling  for  the  same  factors  and 
covariates  as  in  analysis  1.  This  analysis  and  filtering  left 
66  probes  (Table  3)  that  were  then  used  to  build  and  opti¬ 
mize  SVM  classifiers.  The  optimal  SVM  (identified  through 
two- level  nested  10-fold  cross-validation  with  shrinking 
centroids,  cost  =  401 ,  tolerance  =  0.001  T  kernel  =  radial  basis 
function,  and  gamma -0.001)  comprised  just  2  of  the  66 
starting  probes  (Table  3,  probes  in  bold  font)  and  attained 


78%  accuracy  in  classifying  those  individuals  with  PTSD  in 
the  training  sample.  We  then  tested  the  identical  2-gene 
SVM  (with  the  same  parameters,  but  with  no  shrinkage  or 
cross-validation)  in  the  remaining  test  subset  (5  cases  and  5 
comparison  subjects),  where  it  yielded  80%  accuracy.  Among 
cases,  four  of  five  were  correctly  classified,  while  four 
of  five  comparison  subjects  were  also  classified  correctly. 
These  values  correspond  to  a  sensitivity,  specificity,  posi¬ 
tive  predictive  value  and  negative  predictive  value  in  the 
test  sample  of  80%,  80%,  80%,  and  80%,  respectively.  Expres¬ 
sion  levels  for  G5TMT  and  GSTM2  are  shown  for  PTSD  cases 
and  comparison  subjects  in  Fig.  1.  QRTPCR  analysis  demon¬ 
strated  that  GSTM2  expression  was  reduced  among  PTSD 
cases,  but  results  were  less  consistent  for  GSTMf  (Table  A). 

3.3*  Identification  of  differentially  expressed 
exons  and  their  associated  biological  terms 

The  interaction  of  diagnosis  and  exonID  identified  puta¬ 
tive  isoform -expression  differences  (p<  0,0005)  in  63  genes, 
11  of  which  attained  Bonferroni-corrected  significance 
(Table  5),  An  example  of  between-group  differences  in 
exon  expression  for  one  of  these  eleven  genes  {DYNC1LI1) 
is  illustrated  in  Fig,  2,  where  the  PTSD  cases  have  sig¬ 
nificantly  lower  levels  of  expression  of  a  single  probe 
corresponding  to  the  fifth  exon;  this  region  corresponds 
to  a  retained  intron,  which  could  account  for  this  pat¬ 
tern  of  expression  difference*  The  list  of  63  genes  was 
analyzed  by  the  DAVID  algorithm  and  Reactome  database 
(Table  6).  DAVID  analysis  revealed  five  significantly  enriched 
annotations  (armadillo-like  helical  domain*  macromolecute 
catabolic  process,  acetylation*  modification -dependent 
protein  catabolic  process*  modification-dependent  macro- 
molecuie  catabolic  process)*  Analysis  using  the  Reactome 
database  revealed  a  single  enriched  pathway  (class  1  MHC 
mediated  antigen  processing  and  presentation). 

3*4*  Discovery  and  replication  of  an  exon-based 
diagnostic  predictor 

To  construct  an  exon -based  classifier  and  assess  its  gen- 
eralizability  we  first  identified  potentially  differentially 
spliced  exons  within  our  training  subsample  of  20  cases  and 
20  comparison  subjects  based  on  the  diagnosis- x-exon ID 
interaction  term,  using  a  nominal  threshold  of  p* 0*00005, 
white  controlling  for  the  same  factors  and  covariates  as 
in  the  analyses  above.  For  genes  displaying  more  than 
one  dysregulated  probe  between  diagnostic  groups,  we 
selected  the  probe  with  the  most  significant  between-group 
difference  in  expression  level  based  on  the  p- values  from 
planned  comparisons.  This  analysis  and  filtering  yielded  56 
exons  with  expression  differences  between  PTSD  cases  and 
comparison  subjects  (Table  7)  that  were  then  used  to  build 
and  optimize  SVM  classifiers*  The  optimal  SVM  (identified 
through  two -level  nested  ten-fold  cross-validation  with 
shrinking  centroids,  0051  =  401,  tolerance  =  0.001,  ker¬ 
nel  =  radial  basis  function,  and  gamma  =  0*001)  comprised 
20  of  the  56  starting  probes  (Table  7,  probes  in  bold  font) 
and  attained  100%  accuracy  in  classifying  those  individuals 
in  the  training  sample  with  PTSD.  We  then  tested  the  iden¬ 
tical  20- exon  SVM  (with  the  same  parameters,  but  with  no 


Table  2  Genes  significantly  dysreguLated  (p  <0,01 )  in  peripheral  blood  mononuclear  cells  from  the  fuLL  sample  of  PTSD  cases  at  post-deployment  and  used  in  predictive  SVM 
classifiers. 
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7903765  GSTAU  GLutathlone  5-transferase  mu  1  (G5TM1  jT  transcript  variant  1  f  mRHA.  -2,14  19,7  9.0E-05 

*  Rows  are  sorted  by  decreasing  fold*change  in  RTSD  cases  relative  to  non-PTSD  comparison  subjects, 

H  Transcripts  in  bold  comprised  the  optimal  2-probe  5VM  classifier  of  PTSD  status  identified  by  training  and  testing  in  independent  samples. 
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P.5,  Tylee  et  al. 


( A )  dolatkioae  S-Trac^fer^^ti  M*j  1  (B)  Glutathione  S-Traasferas*  Mu  2 


Control  PXSD  Control  PTSD 


Fig.  1  Microarray-derived  expression  levels  {ordinate)  of  summarized  exon  probesets  reflecting  whole- transcript  expression  levels 
(abscissa)  of  glutathione  5 -transferase  mu  1  (G5TA17)  and  glutathione  S-transferase  mu  2  (GSTM2)  in  peripheral  blood  mononuclear 
cells  from  PTSD  cases  (n  =  25)  and  comparison  subjects  (n  =  25),  These  transcripts  were  notably  down- regulated  among  PTSD  cases 
within  the  full  sample  (fold  changes  -1.58  and  -2.00,  respectively)  and  were  identified  as  the  sole  components  of  the  opti¬ 
mal  performing  SVM  classifier  of  diagnostic  status,  which  achieved  80%  accuracy  in  the  test  subset  =  10;  4  of  5  cases  correctly 
identified). 


shrinkage  or  cross-validation)  in  the  remaining  test  subset 
(n  =  10;  5  cases  and  5  comparison  subjects),  where  it  yielded 
a  diminished  but  reasonable  90%  accuracy  (higher  than  the 
accuracy  observed  in  gene-based  analyses)  .  All  PTSD  cases 
were  correctly  classified,  while  four  of  five  comparison 
subjects  were  classified  correctly.  These  values  correspond 
to  sensitivity,  specificity,  positive  predictive  and  negative 
predictive  values  of  100%*  80%,  83%  and  100%P  respectively, 
QRTPCR  analysis  of  seven  exons  in  the  classifier  failed  to 
detect  significant  differences  in  expression  levels  between 
PTSD  cases  and  comparison  subjects  (Table  4), 


4.  Discussion 

There  is  emerging  support  for  the  hypothesis  that  periph¬ 
eral  blood  transcriptomic  signatures  associated  with  PTSD 
involve  dysregulation  of  genes  that  function  in  immune 
and  inflammatory  processes  or  their  regulation  To  this  pic¬ 
ture  we  add  new  and  compelling  pilot  data  suggesting 
that  dysregulation  of  genes  whose  proteins  function  in 
the  management  of  cellular  oxidative  stress  may  also  be 
clinically  useful  biomarkers  for  distinguishing  PTSD  cases 
from  trauma  exposed  subjects  who  are  resilient  to  PTSD. 


I  PTSD  Cases  A  Comparison  Subjects 


Fig,  2  Microarray-derived  expression  levels  (ordinate)  of  Individual  exon -probes  (abscissa)  of  dynein,  cytoplasmic  1,  light  inter¬ 
mediate  chain  1  (DVTCfLM)  in  peripheral  blood  mononuclear  cells  from  PTSD  cases  (n  =  25,  squares)  and  comparison  subjects  (n  =  25, 
triangles).  The  interaction  of  diagnosis  and  exon  ID  was  highly  significant  (p  =  6.7E-07,  Bon  ferroni- corrected  p  =  1.4E-  02)  owing 
to  the  selective  down -regulated  of  an  exon  (probeset  ID  8086013;  p- 0.01 9)  in  the  context  of  comparable  expression  levels  of  all 
other  exons. 
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Blood- based  gene -ex  pres  si  on  biomarkers  of  post- traumatic  stress  disorder  among  deployed  marines:  A  pitot  study 


n 

3 


rtt 

CL 

E 

o 

u 

c 

(TJ 

W 

Cj 

ra 

U 

O 

Lrt 


CX 

£ 

g 

X 

HI 

-0 

c 


T3 


cc 

LJ 

CL 

I 


£  ? 
x  6. 


rz 

i 

CL 

a 

i  § 

Cl  -3 
q  ra 
^  > 
O  Q. 


cO^-'On^NiNON 

r^or^ooo^r^lo-^ 

i-ONOo^m^-mtn 

oooodoooo 


in  -  oo  n  n 

t-  t"-  a  t- 

n  fn  t  m  m 

^oooddodd 

-H  -H  -H.  -H  -H  -H  +1  -H  -H 

Ninffi’TNSfN^^ 

^ddddd^dd 


N  -T  O  ?  S  m 

*  ffl  Hi  M  O  m  O' 

n  r-  N  T  ^ 

d  o  o  o  d  a 

-H  -H  -H  -H  -H  -H  -H 


DO  *—  ^ 

so  ’q-  ’^r 
r-  *- 


o  o  o  o 


X5 

d  o 


o  o 

-H  -H 

O  CO  CO 
N  ^  'T 
in  n  in 


t-  ir  i-  n  o  c 

O  O  *—  -<r  ■«-  S ■  o 


y-  o 
as 
rH l  O 


ooaoaaaaa 


0‘inrMtON'0<“ui 

ONN^rJN 

iri'OvDNtnfMNyon 

rdddddodd 

Hi  41  H  H  \\  4i  M  -N  -H 

CO^fnnOt-nh.N 

rtrNrtarNr-eo 

^^T^ddd^dd 


^  S  o  9 


i—  %D 

jr  o 
fs  in  m  M  N  ^ 


r-.  ■£> 

K—  <-0 

m  in 


ooooooooo 

H44H-H-H-H-HHH-H-H 

NNONn^l/lMflO 
XSnO^nf^^OoO 
p>  s  o  is  n  ^  i-  -q-  r-. 

od^ddd^do 


QJ 

5 

r m 

-J 

c 

i 

& 

CO 

3 

tJ-t 

c 

K 

Ce 

CL 

5 

LO 

wt 

>- 

3 

lq 

o 

o 

K3 

O 

Q 

Cl 

cc 

X  X  £ 
on  on  ^ 

m  Q  n 
rs  O 
r4 

s  s  g 

>0  O  T' 
f  m  o 

xxxxxxxxx 


x>  in 

i^- 

^  o 

1-  CO 


s 


ro  <n 
co  r-. 
ca  rL 

h- 
fNI  rOi 

o  o 
o  o 


o  O' 
n-  X5 
in  co 

"3"  CO 

in  o 
m  r-4 

t-  o 
o  o 


s 

ex 


o 

o_ 

H 


Yet,  dysregulation  of  genes  with  immune,  inflammatory- 
and  antioxidant-activity  is  probably  only  a  smalt  piece  of 
the  biological  puzzle  of  PTSD  pathophysiology,  as  many  of 
the  differentially  expressed  genes,  as  well  as  the  exons 
comprising  the  best-performing  PTSD-diagnostic  classifier, 
were  apparently  unrelated  to  these  functions;  these  other 
genes  had  highly  disparate  functions.  Collectively,  pro¬ 
files  of  dysregulated  genes  in  immune,  inflammatory  and 
other  pathways  may  serve  as  potent  biological  indita- 
tors  upon  which  diagnosis  and  early  intervention  may 
ultimately  be  based.  The  present  study  demonstrates 
proof -of -principle  for  the  construction  of  blood -based  PTSD 
diagnostic  biomarkers  that  ranged  in  accuracy  from  80  to 
90%  in  a  small  subset  that  was  held  completely  independent 
from  classifier  construction. 

It  is  important  to  note  that  these  classifiers  employed 
decision- rules  based  solely  on  mRNA  expression  levels.  To 
our  knowledge,  our  group  is  among  the  first  to  employ  data- 
driven  (SVM)  modeling  on  a  list  of  differentially  expressed 
transcripts  in  order  to  identify  a  subset  of  transcripts  that 
were  most  predictive  of  PTSD  status.  These  two  strategies 
may  be  useful  for  identifying  exons,  genes,  and  pathways 
that  play  a  role  in  the  etiology  of  PTSD,  but  that  may 
have  been  overlooked  by  other  approaches  focusing  on 
well-established  candidate  genes.  If  these  profiles  of  mRNA- 
expression  differences  in  PTSD  cases  can  be  further  refined 
and  replicated,  and  if  SVM-based  models  are  found  to  per* 
form  reliably  in  larger  or  more  diverse  populations,  then 
this  study  proposes  an  avenue  for  early  diagnosis  among 
trauma -exposed  individuals,  potentially  fostering  earlier 
intervention.  However,  it  is  likely  that  a  more  accurate  clas¬ 
sification  model  can  be  constructed  in  the  future  by  taking 
into  account  additional  known  risk  factors  for  PTSD,  such 
as  family  history,  personality  traits,  pre  existing  mental  dis¬ 
orders  (Koenen  et  aL,  2G03afb)P  peri-traumatic  dissociation 
and  post-trauma  social  support  (Brewin  et  aL,  2000;  Ozer 
et  aLr  2003),  non-genomic  biological  markers  available  in 
the  MRS  dataset  (Baker  etaL,  2012b;  EralyetaL,  2014),  and 
other  factors  not  necessarily  related  to  gene -expression. 

The  present  study  did  not  account  for  many  of  these  pre- 
and  peri -traumatic  risk  factors,  but  future  efforts  to  con¬ 
struct  diagnostic  models  should  seek  to  incorporate  such 
data.  Nevertheless,  a  single  diagnostic  classifier  of  PTSD 
(no  matter  how  precisely  constructed)  may  never  perform 
with  100%  accuracy,  which  is  why  it  will  be  essential  to  pur¬ 
sue  (in  larger  samples)  the  characteristics  of  subjects  for 
whom  such  a  classifier  does  not  work.  Of  equal  interest  is 
the  possibility  that  there  are  two  or  more  unique  biomarker 
profiles  that  are  diagnostic  of  the  same  phenotypic  outcome. 
In  fact,  etiotogic  heterogeneity  may  be  a  hallmark  of  com¬ 
plex  disorders  including  PTSD,  so  it  may  not  be  possible  to 
identify  a  single  ^one-size-fits-all1’  biomarker  profile.  In  the 
future,  methodologies  that  facilitate  the  identification  of 
distinct  biomarker  profiles  associated  with  the  same  phe¬ 
notype  may  be  required  in  order  to  account  for  etiologic 
heterogeneity  in  PTSD  and  other  complex  disorders.  Another 
distinct  possibility  is  that  for  some  cases  of  PTSD  there  is  no 
blood-based  biomarker  signature  to  be  found.  We  are  cur¬ 
rently  investigating  each  of  these  possibilities  further.  It  is 
also  important  to  acknowledge  that  the  present  study  did 
not  account  for  possible  effects  of  pharmacological  therapy 
(e.g.,  anti-depressants,  anxiolytics,  and  anti psy c hot ics)  or 


Table  5  Exons  significantly  dysregulated  in  peripheral  blood  mononuclear  cells  from  the  full  sample  of  eventual  PTSD  cases  at  post-deployment. 
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D.S.  Tylee  et  al. 
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Table  7  Exons  Significantly  Dysregulated  in  Peripheral  Blood  Mononuclear  Cells  from  a  Subset  of  PT5D  Cases  at  Post-Deployment 
and  Used  in  Predictive  SVM  Classifiers, 


Transcript 
Cluster  ID"1 

Gene  Symbol 

Gene  Product 

Interaction  p 

Exon  ID 

Fold-change 

F 

P 

8096938 

LARP7 

La  ribonucleoprotein  domain 
family,  member  7 

7.2E  -  09 

8096944 

3*52 

8,6 

5.9E-03 

8097148 

RNF213 

Ring  finger  protein  21 3 

7,  IE  —  11 

8010469 

3.06 

9.6 

3.8E-03 

8086008 

DYNCtLtl 

Dynein,  cytoplasmic  1#  light 
intermediate  chain  1 

4*0E  -  10 

8086013 

3.06 

7*9 

8*3E  —  03 

8134122 

PTCD3 

Pen  tat  ricopep  tide  repeat 
domain  3 

1 *6E  —  07 

8043256 

3.05 

7*7 

9*0E  — 03 

8142307 

PNPLA8 

Pata  tin-like  phospholipase 
domain  containing  8 

5 . 3  E  -  09 

8142322 

2.87 

9*3 

4.4E-03 

8172914 

DID0 1 

Death  inducer-obliterator  1 

3*7E  06 

8067576 

2*77 

5*1 

3*QE-02 

8076455 

RRP7A 

Ribosomal  RNA  processing  7 
homolog  A  (S.cerevisiae) 

1*7E-05 

8076458 

2*74 

12.8 

1. IE-03 

8158597 

GPR107 

G  protein-coupled  receptor  107 

2.3E-  10 

8158617 

2*74 

11.5 

1.8E-03 

8054092 

CUL2 

Cullin  2 

3.4E  06 

7933056 

2.71 

11.9 

1.5E-03 

8105191 

KIAA1468 

KIAA1468 

1.0E-*07 

8021504 

2*71 

11*1 

2*  1 E  -  03 

8045090 

ZC3H11A 

Zinc  finger  CCCH-type  containing 

1 1 A 

1.1E-G5 

7908985 

2*67 

6.5 

1.6E-02 

8056837 

TTC17 

Tetratricopeptide  repeat 
domain  17 

1.  IE-06 

7939453 

2*63 

6*3 

1/7E-0Z 

8079869 

NEK9 

NIMA  (never  in  mitosis  gene  a)- 
related  kinase  9 

6.7E-  06 

7980282 

2*62 

8.4 

6.4E-Q3 

8079869 

RBM5 

RNA  binding  motif  protein  5 

1.5E-  08 

8079878 

2*62 

8*9 

5*3E  -  03 

8105191 

PARP8 

Poly  (ADP-ribose)  polymerase 
family,  member  8 

1 ,6E  -  05 

8105199 

2.57 

4.6 

4.0E-02 

8083523 

AQ# 

Aquarius  homolog  (mouse) 

2.6E-05 

7987328 

2.57 

6.3 

1.7E-02 

8136662 

MGAM 

Ma  1 1  a  se  -gl  uc  oa  m  y  lase 
(alpha-gtucosidase) 

5.1E-08 

81 36700 

2.57 

4.4 

4  *  3  E  —  02 

8107375 

TRAPPC8 

Trafficking  protein  particle 
complex  8 

6.8E-0S 

8022775 

2.56 

7.1 

t,2E  -  02 

8136662 

UGGT1 

U  DP -glucose  glycoprotein 
glucosyltransferase  1 

2.  IE -06 

8045104 

2*53 

10.7 

2*5E-  03 

8169541 

XRN2 

5  -3'  exoribonuclease  2 

2.7E  —  05 

8061333 

2.46 

6.4 

1 .6E  -  02 

8103951 

ACSL1 

Acyl-CoA  synthetase  long-chain 
family  member  1 

1 ,2E  -  05 

8103961 

2.45 

5.2 

3.0E-02 

8172914 

HU  WE  f 

HECT,  UBA  and  WWE  domain 
containing  1 

1 *3E  -  07 

8172982 

2*42 

7*7 

9*0E-03 

8061324 

CAND1 

Cullin-associated  and 
neddy  la  t  ion -dissociated  1 

5*1  E  -  06 

7956914 

2.42 

8*1 

7.4E-03 

8160213 

TTC39B 

Tetratricopeptide  repeat 
domain  39B 

3*3E  -  06 

8160226 

2*37 

10*2 

3.0E  -03 

8107375 

YTHDC2 

YTH  domain  containing  2 

9.5E-06 

8107388 

2.35 

12*7 

1. IE-03 

8149986 

ZNF395 

Zinc  finger  protein  395 

4.6E  -  08 

8149998 

2.32 

8.1 

7.4E-03 

8076455 

COK17 

Cyclin-dependent  kinase  17 

5.8E  -  06 

7965654 

2.25 

8.2 

7.2E  — 03 

8149986 

USP34 

Ubfquitin  specific  peptidase  34 

1.5E  -  10 

8052505 

2.20 

7.7 

9.0E-03 

8092933 

SMG1 

SMG1  homolog, 
p  h  osp  h  a  ti  dy  l  i  nosi  tol 

3 -kinase- related  kinase  (C. 
e/egons) 

5.QE  -  07 

7994025 

2,18 

5.0 

3.2E-02 

8156321 

TMFM131 

Transmembrane  protein  1 31 

2.2E-G5 

8054124 

2.18 

5*6 

2.3E-02 

8158597 

GPR155 

G  protein -coupled  receptor  155 

3.6E-06 

8056852 

2*15 

6*7 

1.4E-02 

8086008 

ADAMW 

ADAM  metallopeptidase  domain 

10 

ArfGAP  with  coiled-coil,  ankyrin 
repeat  and  PH  domains  2 

7.6E-06 

7989240 

2.10 

5.1 

3.0E-02 

8092933 

ACAP2 

2.4E  — 05 

8092954 

2.10 

5.0 

3.  IE— 02 
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Table  7  {Continued) 


Transcript 
Cluster  ID"1 

Gene  Symbol 

Gene  Product 

Interaction  p 

Exon  ID 

Fold-change 

F 

P 

8051882 

DENND2D 

DE  HH 

3.4E-06 

7918493 

2.07 

5.7 

2.3E-02 

8156821 

SYK 

Spleen  tyrosine  kinase 

2.QE  -  06 

8156330 

1.93 

13.3 

8.7E-04 

8083523 

GMPS 

Guanine  monphosphate 
synthetase 

8.9E-06 

8083535 

1.83 

5.9 

2.1  E-  02 

8134122 

AKAP9 

A  kinase  (PRKA)  anchor  protein 
(yotiao)  9 

7. BE  -  07 

8134144 

1-81 

8.3 

6.9E-03 

8160213 

TRIP12 

Thyroid  hormone  receptor 
interactor  12 

1.2E-06 

8059619 

1.79 

6.5 

1.6E-02 

8059596 

EIF4G2 

Eukaryotic  translation  initiation 
factor  4  gamma,  2 

7.3E  —  07 

7946612 

1,76 

5.9 

2. IE  —  02 

8130151 

APC2 

Adenomatosis  polyposis  coti  2 

3.6E  -  05 

8024308 

1.75 

7.0 

1.2E-02 

8130151 

RAET1E 

Retinoic  add  early  transcript  1 E 

3.7E-G5 

8130160 

1.74 

8.1 

7.4E-03 

8076077 

CAPRIN2 

Caprin  family  member  2 

6.6E-06 

7962123 

1.69 

6.4 

1.6E-02 

8103951 

NUP88 

Nudeoporin  88  kDa 

4.9E-05 

8011838 

1,63 

5.6 

2.3E-02 

8078569 

MPHOSPH8 

M- phase  phosphoprotein  8 

1.9E-05 

7967895 

1.63 

18.3 

1.5E-04 

8052443 

FAM175B 

Family  with  sequence  similarity 
175,  member  B 

2.7E  —  05 

7931218 

1.61 

6.8 

1.3E-02 

8097148 

KIAA1109 

KIAA1109 

1.7E-05 

8097151 

1.59 

7.7 

9.1E-03 

8169541 

DOCK  11 

Dedicator  of  cytokinesis  1 1 

1.4E-D5 

8169559 

1.41 

5.5 

2.5E  —  02 

8022767 

S  MAP2 

Smalt  ArfGAP2 

3.0E-05 

7900432 

-1.12 

6.1 

1.9E-02 

8179298 

DDX17 

DEAD  (Asp-Glu-Ala-Asp)  box 
polypeptide  17 

1.1  E-  06 

8076093 

—1.12 

5.6 

2.4E-02 

8067563 

MDM2 

Mdm2  p53  binding  protein 
homolog  (mouse) 

6.3E  -  07 

7957003 

-1.16 

5.5 

2.5E-02 

8096938 

SMG1 

SMG1  homo  log, 
phosphatidylinosi  tol 

3 -kinase- related  kinase  (C. 
e  lemons) 

2.7E-08 

7999869 

-1.20 

14.1 

6.6E-04 

8043251 

GSTM5 

Glutathione  S-  transferase  mu  5 

4.2E-05 

7903782 

-1.57 

18.5 

1.4E-04 

8078569 

GOLGA4 

Golgin  A4 

5.0E-06 

8078597 

-1,62 

5.2 

2.9E-02 

8142307 

LRPPRC 

Leucine-rich  PPR-motif 
containing 

5.6E-07 

8051896 

-1.77 

10.4 

2.8E-03 

8179298 

CSNK2B 

Casein  kinase  2,  beta 
polypeptide 

2.3E-05 

8179308 

-1.83 

7.8 

8.4E-Q3 

8024306 

GST  Ml 

Glutathione  5- transferase  mu  1 

4.5E-  09 

7903772 

2,52 

21.4 

5.3E-05 

Rows  are  sorted  by  decreasing  fold-change  in  eventual  PTSD  cases  relative  to  non-PTSD  comparison  subjects, 

*  Exons  of  Transcript  Cluster  IDs  in  bold  comprised  the  optimal  20-probe  5VM  classifier  of  eventual  PTSD  status  identified  by  training 
and  testing  in  independent  samples. 


other  treatments  on  post-deployment  gene-expression  pro¬ 
files.  Five  of  the  25  PTSD  subjects  reported  using  at  least 
one  psychiatric  medication  at  the  time  blood  samples  were 
obtained,  while  none  of  the  comparison  subjects  reported 
psychiatric  medication  use.  It  is  plausible  that  between- 
group  differences  in  medication  use  could  account  for  some 
of  the  gene-express  ion  differences  observed  between  these 
groups.  In  order  to  account  for  this  possibility,  we  performed 
a  separate  ANCOVA  comparing  non-medicated  PTSD  sub¬ 
jects  In  =  20)  and  comparison  subjects  (n  =  25).  The  removal 
of  medicated  subjects  from  the  PTSD  group  produced  only 
minor  changes  in  ANCOVA  fold-change  values  for  the  genes 
of  interest;  the  average  difference  in  fold -change  value 
was  <2%.  Previous  genome-wide  expression  studies  have 
addressed  this  issue  by  using  samples  from  PTSD  subjects 
who  were  not  currently  medicated  (Zieker  et  al.,  20G7; 
Yehuda  et  al.,  2009;  Neyian  et  aL.  2071).  Other  studies 


have  not  explicitly  address  medication  status  (Mehta  et  aL. 
2011;  Segman  et  al.,  2005).  However,  if  the  ultimate  goal  is 
to  develop  gene-expression-based  diagnostic  classifiers  that 
are  robust  to  real-world  variability,  then  the  inclusion  of 
medicated  subjects  may  be  valuable.  Future  studies  should 
attempt  to  account  for  medication  status  and  statistically 
control  for  its  effect  on  gene -ex  press  ion  in  order  to  identify 
genes  that  are  specific  to  PTSD  pathophysiology. 

Because  of  our  relatively  small  sample  size  and  the 
severe  corrections  for  multiple-testing  required  when  exam¬ 
ining  the  entire  transcriptome*  we  did  not  detect  individual 
gene-expression  differences  in  PTSD  cases  that  surpassed 
stringent  criteria  for  declaring  statistical  significance.  As 
such,  the  focus  of  our  efforts  and  interpretations  has  been 
on  groups  of  genes,  either  in  regard  to  their  biological  anno¬ 
tations  or  their  collective  ability  to  identify  PTSD  cases. 
Nevertheless,  one  gene  identified  here  as  dysregulated  has 


490 


D.S.  Tylee  et  at. 


been  identified  previously  in  studies  seeking  to  identify 
blood-based  diagnostic  biomarkers  for  PTSD.  Prior  to  rigor¬ 
ous  correction  for  multiple  observations,  Neylan  et  at ,  (2011) 
reported  up-regulation  of  GSTM  7  in  PTSD  cases*  whereas 
we  observed  down -regulation  of  GSTM  7  in  PTSD  cases*  It 
is  plausible  that  differences  in  subject  characteristics  or 
study  design  could  account  for  the  discrepant  findings, 
Neylan  et  al*  (201 1)  found  increased  GSTM  7  expression  in 
PTSD  subjects  compared  to  a  non-trauma  exposed  control 
group.  Perhaps  these  discrepant  findings  could  make  sense 
in  the  context  of  a  model  where  increased  GSTM  7  expression 
reflects  an  adaptive  response  to  traumatic  stress  and  the 
attenuation  of  this  response  disposes  some  trauma -exposed 
individuals  to  developing  PTSD,  *  These  studies  also  differed 
with  respect  to  the  time-span  between  disease  onset  and 
blood  sample  collection*  Remarkably,  GSTM  1  and  GSTM2 
were  identified  as  the  lone  predictors  within  a  diagnostic 
classifier  that  achieved  BOX  accuracy  in  the  test  subset,  and 
the  down  regulation  of  GSTM2  was  confirmed  by  QRTPCR* 
In  previous  work,  we  observed  down -regulation  of  GSTM 7 
among  these  same  subjects  in  samples  taken  prior  to  their 
deployment  and  the  development  of  clinicatly  significant 
PTSD  symptoms;  GSTM 7  expression  levels  were  also  part 
of  a  pre-deployment  predictor  oF  subsequent  PTSD  diag¬ 
nosis  (Glatt  et  al.,  2013),  Members  of  this  enzyme  class 
function  in  the  detoxification  of  electrophilic  compounds 
-  including  carcinogens,  therapeutic  drugs,  environmental 
toxins  and  products  of  oxidative  stress  by  conjugation  with 
glutathione*  Down -  regulation  of  genes  whose  proteins  are 
responsible  for  the  metabolism  of  reactive  oxygen  species 
(ROS)  was  also  observed  in  lifetime  PTSD  cases  with  cur¬ 
rent  symptoms  (Zieker  et  aL,  2007),  The  apparent  link 
between  ROS  metabolism  and  PTSD  may  make  more  sense  in 
light  of  previous  in  vitro  studies  demonstrating  redox  reg¬ 
ulation  of  intracellular  GR  signaling.  Specifically,  reduced 
expression  of  antioxidant  protein  or  direct  administration 
of  ROS  negatively  modulated  GR  signaling  and  resulted  in 
reduced  expression  of  glucocorticoid -induced  genes;  this 
effect  could  be  rescued  by  the  administration  of  antiox¬ 
idant  compounds  (Makino  et  al.,  1996:  Okamoto  et  aL , 
1999),  It  is  also  interesting  to  note  that  other  groups  have 
found  associations  between  GSTM  7  polymorphisms  and  other 
brain  disorders,  including  schizophrenia  (Gravina  et  al.f 
2011;  Rodriguez -Santiago  et  al*t  2010),  bipolar  disorder 
(Mohammadynejad  et  at. .  2011),  and  alcohol  withdrawal 
symptoms  (Okubo  et  al,*  2003), 

Despite  our  relatively  small  sample  size  and  the  addi¬ 
tional  levels  of  correction  for  multi  pie- testing  required  for 
exon  analyses,  a  number  of  differentially  expressed  exons 
surpassed  stringent  criteria  for  declaring  statistical  signif¬ 
icance.  Additionally,  the  exon-based  predictive  classifier 
appeared  to  perform  better  than  the  gene-based  predictive 
classifier.  Taken  together,  these  data  support  our  previous 
findings  (Glatt  et  al.,  2013),  suggesting  that  exon  expression 
(indexing  the  activity  of  individual  splice  variants)  may 
be  more  reliable  and  biologically  informative  than  the 
expression  of  full-length  "genes"  or  aggregated  transcript 
clusters*  Yet,  we  could  not  successfully  recapitulate  these 
array-derived  results  by  QRTPCR,  so  further  validation 
attempts  must  be  made*  Two  of  the  dysregutated  exons  we 
identified  by  array  analysis  are  components  of  genes  DDXJ7 
and  FAM175B,  which  have  been  identified  as  differentially 


expressed  in  previous  PTSD  biomarker  studies.  Yehuda  et  aL 
(2009)  observed  up- regulation  of  DDX17  among  PTSD  cases. 
Sarapas  et  al.  (2011)  observed  down -regulation  of  FAM175B 
among  current  PTSD  cases,  but  not  lifetime  PTSD  cases  or 
trauma -exposed  comparison  subjects.  It  is  also  curious  to 
note  that  the  list  of  alternatively  spliced  transcripts  was 
enriched  for  acetylation -dependent  protein  catabolism  and 
acetylation -regulated  proteins  more  generally.  Emerging 
evidence  indicates  that  the  acetylation  of  amino  acids 
within  non -histone  proteins  plays  a  role  in  regulation  of  cell 
metabolism  (Choudhary  et  al.*  2009;  Yang  and  Seto,  2008). 
If  the  differentially  expressed  exons  in  PTSD  are  found  to 
contain  acetylation-dependent  regulatory  domains,  then 
it  is  plausible  that  the  PTSD  proteome  may  be  abnormally 
(hypo-  or  hyper- )  responsive  to  acetylation. 

It  is  interesting  to  compare  the  results  of  the  present  pilot 
study  with  our  own  previous  work  examining  pre-deployment 
gene- expression  profiles  associated  with  subsequent  devel¬ 
opment  of  PTSD  after  return  from  deployment  (Glatt  et  aL, 
2013),  as  many  of  the  same  subjects  (24  of  25  cases*  23 
of  25  comparison)  were  featured  in  both  studies*  A  num¬ 
ber  of  whole-gene  transcripts  appeared  dysregutated  both 
prior  to  deployment  (in  those  who  would  later  develop 
PTSD)  and  after  deployment  (in  current  PTSD  cases)*  AIM2 
and  EP5T77  were  up-regulated  in  both  analyses  fi.e,,  at 
both  pre-  and  post -deployment),  while  RPL1QA  and  GSTM1 
were  down -regulated  in  both  analyses;  these  may  reflect 
stable  markers  for  PTSD  vulnerability.  Alternatively*  they 
could  have  been  dysregulated  at  pre-deployment  assess¬ 
ment  because  pathophysrogical  changes  had  already  begun 
among  these  subjects,  many  of  whom  had  previously  been 
deployed  to  war  zones  (or  because  of  other  unmeasured  fac¬ 
tors,  such  as  early  adversity).  LRTM2 ,  on  the  other  hand, 
was  down-regulated  in  pre -deployment  samples,  but  up- 
regulated  in  post -deployment  samples;  this  may  reflect 
a  maladaptive  change  or  a  compensatory  yet  ultimately 
ineffective  change-  Additionally,  one  putatively  alterna¬ 
tively  spliced  transcript  was  identified  in  both  pre-  and 
post-deployment  analyses*  For  MGAM,  a  similar  pattern  of 
dysregulated  exon  expression  was  observed  in  both  analy¬ 
ses,  with  PTSD  cases  showing  increased  expression  of  several 
probes  and  the  largest  expression  difference  observed  in  a 
probe  (81 36700)  spanning  the  23rd  and  24th  exons.  This  may 
also  reflect  a  stable  marker  for  PTSD  vulnerability. 

The  present  pilot  study  broadens  the  search  for  diag¬ 
nostic  biomarkers  for  PTSD  beyond  that  of  previous  work. 
Several  studies  have  compared  genome- wide  transcriptional 
profiles  between  PTSD  cases  and  controls,  but  to  our  knowl¬ 
edge*  very  few  transcripts  have  been  identified  as  dysregu¬ 
lated  across  studies  using  independent  samples.  Two  studies 
with  overlapping  sample  pools  reported  reduced  expression 
of  FKBP5  among  current  PTSD  cases  (Sarapas  et  al.*  2011; 
Yehuda  et  al.,  2009).  A  third  study  by  Mehta  et  al.  (2011) 
reported  that  the  interaction  of  PTSD  status  and  FXBPS  geno¬ 
type  (rs9296158)  was  associated  with  dysregulation  of  FKBP5 
expression.  Pre -deployment  express) on  levels  of  FK0P5  were 
also  shown  to  independently  predict  post-deployment  PTSD 
symptoms  (van  ZuidenetaL,  2012a),  In  the  present  microar¬ 
ray  study,  diagnostic  status  was  not  associated  with  differ¬ 
ences  in  FKBP5  expression,  suggesting  a  need  to  further 
consider  heterogeneity  in  PTSD  etiology.  As  discussed  above* 
GSTM  7  was  originally  identified  as  up- regulated  among  PTSD 
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cases  by  Neylan  et  aL  (201 1 ),  but  was  found  to  be  dowm 
regulated  prior  to  deployment  among  US  Marines  who  would 
later  develop  PTSD  and  down- regulated  among  current  PTSD 
cases  within  the  present  analysis,  which  utilized  many  of  the 
same  subjects  as  Glatt  et  aL  (2013).  Also  discussed  above, 
the  present  study  was  the  second  to  implicate  DDK  17  and 
FAM175B  transcripts.  The  paucity  of  overlapping  findings 
across  studies  may  be  accounted  for  by  a  number  of  fac¬ 
tors,  including  the  high  risk  for  Type  1  error  inherent  when 
the  number  of  subjects  is  small  and  statistical  correction 
for  multiple  observations  is  inadequate.  Other  factors  could 
also  contribute  to  discrepant  findings,  including  differences 
in  trauma  exposure  (military  combat,  catastrophic  event), 
sample  type  (PBMC  vs.  whole  blood),  the  timing  of  sam¬ 
pling  with  respect  to  trauma  exposure  and  disease  onset, 
or  differences  in  PTSD  treatment  effects  across  studies. 
Comparing  annotation  enrichment  results  across  studies 
provided  no  additional  consensus  on  the  nature  of  gene- 
expression  dysregulation  in  PTSD;  we  performed  DAVID  and 
Reactome  analyses  on  individual  transcript  lists  provided  by 
each  of  the  reviewed  studies  (Mehta  et  al.f  2011;  Neylan 
etaL,  2011;  Sara  pas  et  ah,  2011;  van  Zuiden  et  aL,  2012a; 
Yehuda  et  aL,  2009;  Zieker  et  aL,  2007),  but  few  studies 
demonstrated  significant  enrichment  of  terms  and  no  com¬ 
mon  terms  were  observed  across  studies.  However,  when 
these  transcript  lists  were  combined  with  the  present  data 
to  create  a  single  list,  significant  enrichment  was  observed 
for  a  number  of  terms  related  to  cytokine  signaling,  lysoso¬ 
mal  activity,  and  other  immune-cell  activities  (Table  8).  It  is 
apparent  that  genes  involved  in  cellular  immunity  are  reli¬ 
ably  and  disproportionately  represented  among  those  that 
are  deregulated  in  PT5D  cases.  This  is  supported  by  a  large 
body  of  evidence  for  dysfunctional  cellular  immune  pro¬ 
cesses  in  individuals  with  PTSD,  which  we  recently  reviewed 
in  depth  (Baker  et  aL,  2012b),  Our  review  of  the  collective 
evidence  suggests  that  systemic  inflammation  and  deleteri¬ 
ous  health  consequences  in  PTSD  are  strongly  linked.  Given 
this  evidence,  treatment  strategies  to  reduce  inflammation 
or  modulate  cell-mediated  immunological  processes  may  be 
of  value  to  pursue  in  predinical  models  of  PTSD, 

In  conclusion,  as  the  development  of  PTSD  following 
initial  trauma  exposure  remains  quite  variable  and  unpre¬ 
dictable,  we  sought  to  identify  readily  assessable  biomarkers 
to  aid  in  early  diagnosis  based  on  evaluations  of  blood  - 
based  gene-expression  among  Marines  participating  in  the 
MRS,  Our  analyses  converged  on  a  diverse  group  of  genes 
and  exons  that  appeared  to  be  differentially  expressed  in 
peripheral  blood  cells  from  individuals  with  PTSD,  Reduced 
expression  of  two  genes  involved  in  ROS  metabolism  were 
predictive  of  PTSD  diagnostic  status,  while  altered  exon 
expression  within  a  larger  and  more  heterogeneous  group 
of  transcripts  also  predicted  the  PTSD  diagnosis  with  appar¬ 
ently  high  accuracy.  If  blood-based  biomarkers  (such  as  the 
panels  of  genes  and  exons  identified  here)  can  be  validated 
in  additional  cohorts  exposed  to  a  wider  variety  of  trau¬ 
matic  stressors,  then  they  may  serve  as  useful  adjuncts 
to  the  prevailing  gold -standard  behavioral  diagnostic  sys¬ 
tems  (Brewin,  2005;  Ozer  et  aL,  2003}.  Enabling  clinicians 
to  more  confidently  diagnose  PTSD  at  earlier  stages  would 
be  particularly  important  in  groups  such  as  these  Marines, 
for  whom  it  is  known  in  advance  that  exposure  to  serious 
trauma  is  highly  likely.  This  may  also  prove  highly  relevant 


for  first -responders,  such  as  police,  fire,  and  emergency 
medical  teams,  for  whom  a  regular  part  of  their  job  is 
also  exposure  to  potentially  traumatic  situations.  Further¬ 
more,  blood-based  biomarkers  may  help  clinicians  identify 
instances  of  determination  of  fitness  for  duty  so  that  sup¬ 
port  services  and  limited  resources  can  be  made  available 
to  those  individuals  with  the  greatest  need. 
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Summary 

Background:  Pervasive  use  of  improvised  expLosive  devices  (IED$),  rocket -propelled  grenades, 
and  land  mines  in  the  recent  conflicts  in  Iraq  and  Afghanistan  has  brought  traumatic  brain 
injury  (TBI)  and  its  impact  on  health  outcomes  into  public  awareness.  Blast  injuries  have  been 
deemed  signature  wounds  of  these  wars.  War -re  la  ted  TBI  is  not  new,  having  become  prevalent 
during  WWI  and  remaining  medically  relevant  in  WWII  and  beyond.  Medicine's  past  attempts  to 
accurately  diagnose  and  disentangle  the  pathophysiology  of  war- re  la  ted  TBI  parallels  current 
lines  of  inquiry  and  highlights  limitations  in  methodology  and  attribution  of  symptom  etiology, 
be  it  organic,  psychological,  or  behavioral.  New  approaches  and  biomarkers  are  needed. 
Preclinical:  Serological  biomarkers  and  biomarkers  of  injury  obtained  with  imaging  techniques 
represent  cornerstones  in  the  translation  between  experimental  data  and  clinical  observations. 
Experimental  models  for  blast  related  TBI  and  PTSD  can  generate  critical  data  on  injury  thresh¬ 
old,  for  example  for  white  matter  injury  from  acceleration.  Carefully  verified  and  validated 
models  can  be  evaluated  with  gene  expression  arrays  and  proteomrcs  to  identify  new  can¬ 
didates  for  serological  biomarkers.  Such  models  can  also  be  analyzed  with  diffusion  MRI  and 
microscopy  in  order  to  identify  criteria  for  detection  of  diffuse  white  matter  injuries*  such  as 
DAI  (diffuse  axonal  injury}.  The  experimental  models  can  also  be  analyzed  with  focus  on  injury 
outcome  in  brain  stem  regions,  such  as  locus  coeruleus  or  nucleus  raphe  magnus  that  can  be 
involved  in  response  to  anxiety  changes. 


*  Corresponding  author  at;  UC5D  Radiology  imaging  Laboratory,  San  Diego,  CA  921 21 ,  USA,  Tel.:  +1  858  534  1254;  fax:  +1  B585346046, 
E-maif  address;  mxhuang@ucsd.edu  (M.  Huang), 
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Clinical:  Mild  (and  some  moderate)  TBI  can  be  difficult  to  diagnose  because  the  injuries  are 
often  not  detectable  on  conventional  MRI  or  CT.  There  is  accumulating  evidence  that  injured 
brain  tissues  in  TBI  patients  generate  abnormal  tow-frequency  magnetic  activity  (ALFMA,  peaked 
at  1  -4  Hz)  that  can  be  measured  and  localized  by  magneto  encephalography  (MEG).  MEG  imaging 
detects  TBI  abnormalities  at  the  rates  of  87%  for  the  mild  TBI,  group  (blast-induced  plus  non-blast 
causes)  and  1 00%  for  the  moderate  group*  Among  the  mild  TBi  patients,  the  rates  of  abnormalities 
are  96%  and  77%  for  the  blast  and  non- blast  TBI  groups*  respectively*  There  is  emerging  evidence 
based  on  fMRI  and  MEG  studies  showing  hyper-activity  in  the  amygdala  and  hypo -activity  in  pre¬ 
frontal  cortex  in  individuals  with  PTSD.  MEG  signal  may  serve  as  a  sensitive  imaging  marker 
for  mTBl,  distinguishable  from  abnormalities  generated  in  association  with  PTSD*  More  work  is 
needed  to  fully  describe  physiological  mechanisms  of  post-concussive  symptoms. 

Published  by  Elsevier  Ltd. 


1*  Background 

Blast  injuries  are  deemed  the  signature  wounds  of  the  first 
wars  (Afghanistan  and  Iraq)  of  the  21st  century  (Lancet, 
2007;  Galarneau  et  aL,  2008)*  According  to  a  recent 
U.S*  Department  Veterans  Affairs  (DVA)  and  Defense  (DoD) 
report,  12-23%  of  returning  service  members  reported  a 
TBI  during  deployment  (O'Neil  et  aL,  2013).  Of  these,  the 
majority  are  in  the  rfmild"  range  of  severity  (mTBl)  (Centers 
for  Disease  Control  and  Prevention  and  National  Center  for 
Injury  Prevention  and  Control  2003:  Hogeet  al,  t  2009:  O’  Neil 
et  ah,  2013).  A  review  of  the  Literature  from  20th  cen¬ 
tury  wars  (WWL  WWII,  Vietnam)  shows  that  current  lines  of 
scientific  inquiry  regarding  the  etiology  of  those  symptoms 
parallel  earlier  attempts  to  disentangle  the  pathophysio¬ 
logy  of  post-concussive  symptoms  (PCS)  from  mental  health 
symptoms,  and  to  distinguish  mTBl  from  war-related  men¬ 
tal  health  syndromes,  such  as  PTSD  (Jones  et  aL*  2007)* 
Moreover  this  literature  highlights  limitations  in  method¬ 
ology  and  attribution  of  symptom  etiology,  be  it  organic, 
psychological,  or  behavioral,  that  remain  a  focus  of  investi¬ 
gations  today  (Myers,  1915;  Fulton,  1942;  Jones  etal.  ,  2007; 
Rosenfeld  et  at.,  2013). 

A  particular  challenge  in  disentangling  the  symptoms  and 
physiology  has  been  establishing  a  quantitative*  unassailable 
diagnostic  methodology  for  defining  mTBl,  such  a  distin¬ 
guishing  blood  or  imaging  biomarker  signature*  Most  studies 
have  relied  on  self-report  of  a  concussive  event,  and  have 
defined  mTBl  clinically,  using  symptom-based  criteria.  Brain 
changes  that  may  accompany  mTBl  have  been  hard  to  visu¬ 
alize  using  standard  imaging  methods  (Huang  et  at.,  2012). 
While  neurocognitive  tests  are  used  clinically  and  can  be 
helpful,  authors  of  the  recent  U.S.  DVA  Report  observed  that 
only  a  few  studies  among  those  reviewed  found  an  associ¬ 
ation  between  mTBl  and  cognitive  deficits  (O’Neil  et  aL, 
2013).  However,  longitudinal  follow-up  of  military  person¬ 
nel  initially  evacuated  to  Longstuhl  with  mTBl  (self- report  of 
war' related  brain  injury  event)  showed  that  rates  of  disabil¬ 
ity  6-12  months  after  evacuation  were  high  and  outcomes 
worse,  overall  in  those  service  members  with  mTBl,  com¬ 
parable  to  those  of  civilian  cohorts  or  polytrauma  patients 
with  mTBl  (MacDonald  et  al*t  2014).  MacDonald  et  at,  found 
no  substantial  differences  in  cognition  between  the  evacu¬ 
ated  personnel  with  and  without  a  history  of  mTBl,  however 
rates  of  PTSD  and  depression  were  higher  in  the  mTBl  group 
{MacDonald  et  al.,  2014). 


A  substantial  number  of  cross-sectional  studies  have 
shown  higher  (nearly  double)  rates  of  PTSD  in  individuals 
with  mTBl,  observed  in  both  military  (Hoge  et  aL,  2008; 
Schneiderman  et  at*,  2008;  Luethcke  et  al.  ,2011;  Vasterling 
et  al,,  2012;  Rosenfeld  et  aL,  2013)  and  civilian  (Bryant 
et  al..  2010;  Mayou  et  al.,  2000)  settings.  Moreover,  these 
findings  have  been  corroborated  using  prospective  study 
designs  in  civilians  (Roitman  et  aL.  2013)  and  in  active  duty 
service  members  {Yurgil  et  aL,  2014).  In  an  10  day  and  8 
month  follow-up  of  civilians  who  presented  to  the  emer¬ 
gency  room  as  a  result  of  motor  vehicle  accidents,  some 
with  mTB!  ( <30 min  loss  of  consciousness)  and  some  with¬ 
out,  Roitman  et  at.,  showed  that  those  with  head  injury 
and  loss  of  consciousness  (LOC)  had  higher  Levels  of  PTSD  at 
follow-up*  In  the  Marine  Resiliency  Study  (MRS),  a  prospec¬ 
tive,  longitudinal  study,  of  Marines  and  Sailors  assessed 
at  pre-deployment  and  again  at  3-6  months  after  a  7- 
month  deployment  to  Iraq  or  Afghanistan  rates  of  reported 
prior  TBI  were  56*8%  at  the  pre- deployment  interview, 
and  rates  of  deployment-related  TBI  were  19.8%;  of  the 
deployment-related  TBIs  approximately  87.2%  were  mild 
(Baker  et  aL.  2012;  Yurgil  et  al.,  2014).  As  was  observed  in 
the  civilian  study,  war-related  mTBl  significantly  increased 
post-deployment  PTSD  symptom  scores,  either  doubling  or 
nearly  doubling  the  PTSD  rates  in  combatants  who,  prior 
to  deployment,  had  been  mentally  healthy  (Yurgil  et  at., 
2014). 

These  two  prospective  studies  provide  accumulating 
evidence  that  mTBl  is  a  robust  prognostic  indicator  of  sub¬ 
sequent  PTSD  development,  raising  the  question  as  to  the 
underlying  cause.  Whereas  heightened  emotional  salience 
of  traumatic  events  that  involve  blast/concussive  injuries 
versus  those  without  may,  in  part,  provide  an  explanation 
for  higher  PTSD  rates  after  mTBl,  another  Ukely,  or  per¬ 
haps  even  primary  explanation  may  be  that  mTBl  associated 
structural  and  functional  brain  changes  increase  vulnera¬ 
bility  for  development  of  mental  disorders  such  as  PTSD 
{Yurgil  et  al.,  2014).  Damage  of  the  mTBl  prefrontal  cor¬ 
tical  networks  implicated  in  PTSD  has  been  suggested  as  a 
possible  cause  of  the  increased  vulnerability  (Hoffman  and 
Harrison,  2009:  Yurgil  et  aL.  2014)* 

Pre-clinical  studies,  as  described  below,  focused  on  the 
pathophysiology  and  mechanisms  of  neurotrauma  may  con¬ 
tribute  important  information  regarding  mTBl  associated 
brain  changes  that  may  contribute  to  PTSD  development* 
These  studies  are  needed  to  form  a  solid  scientific  basis 
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for  understanding  observed  clinical  outcomes,  and  to  inform 
clinical  decision  making  and  biomarker  development* 

2,  Preclinical 

The  use  of  improvised  explosive  devices  (lEDs)  in  contem¬ 
porary  asymmetric  warfare  has  changed  the  scene  and 
spectrum  of  TBI  at  the  battlefield.  The  signature  TBI  has 
changed  from  penetrating  during  the  war  in  Vietnam  to 
blast  induced  TBL  At  the  same  time,  new  equipment  for 
body  protection  has  increased  the  survival  rate  after  TBI  at 
the  battlefield.  A  blast  injury  is  a  complex  type  of  physical 
trauma  and  includes  a  variety  of  injuries,  ranging  from  mild 
to  lethal*  The  majority  of  blast  induced  TBI  fall  into  the  cat¬ 
egory  of  mild  TBI  (Hoge  et  al.,  2008)  and  several  groups  have 
tried  to  develop  relevant  experimental  models  for  mild  blast 
TBL  ft  is  not  possible  to  make  a  full  review  of  all  experimen¬ 
tal  research  with  a  focus  on  blast  induced  TBI  here.  However, 
it  is  important  to  underscore  the  different  physics  in  blast 
TBI  and  TBI  in  a  civilian  setting,  more  frequently  a  result 
of  blunt  trauma  injury.  Extreme  forces  and  their  complex 
propagation  characterize  blast  TBL 

Injury  from  blast  can  result  from  secondary,  tertiary  and 
even  quaternary  effects  as  well  as  the  primary  supersonic 
pressure  wave  produced  by  the  blast,  all  of  which  have  been 
studied  in  brain  injury  models.  Secondary  effects,  due  to 
the  impact  of  flying  objects,  such  as  shrapnel  fragments, 
can  generate  penetrating  injuries.  The  proportion  of  such 
injuries  was  larger  in  previous  conflicts,  but  seems  to  have 
been  reduced  by  improvements  in  helmet  construction*  Ter¬ 
tiary  effects  of  blast  result  from  acceleration /deceleration 
trauma,  which  may  result  in  tissue  shearing  and  diffuse 
injuries,  such  as  DAI  (diffuse  axonal  injuries).  If  the  trauma 
is  rotational,  the  position  of  the  axis  of  rotation  will  be  an 
important  factor  in  the  injury  mechanism  and  areas  at  a 
greater  distance  from  this  axis  will  sustain  larger  forces* 
Quaternary  effects  of  blast  result  from  heat*  smoke  or  emis¬ 
sion  of  electromagnetic  pulses  from  detonations  (Lee  et  al. , 
201 1  )* 

If  the  injury  is  associated  with  fragment  penetration  this 
will  induce  more  severe  focal  injury,  with  subsequent  dif¬ 
fuse  secondary  injuries  due  to  propagation  of  pressure  waves 
and  temporary  cavities*  Secondary  traumatic  brain  dam¬ 
age  occurs  as  a  complication  of  the  different  types  of  TBI 
and  includes  ischemic  and  hypoxic  damage,  swelling,  raised 
intracranial  pressure  and  infection.  The  secondary  TBI  is 
potentially  partly  reversible  with  adequate  treatment.  Many 
clinical  TBI  patients  suffer  from  multiple  injuries,  Le.  pul¬ 
monary  lesions  or  amputations,  which  can  have  effects  on 
the  outcome  of  the  TBI  (due  to  hypoxia  or  systemic  inflam¬ 
mation)*  The  complexity  of  the  clinical  injury  and  the  fact 
that  exposure  data  seldom  are  available  has  created  a  need 
for  experimental  research  on  biological  effects  of  blast  One 
early  example  of  this  research  is  the  PhD  thesis  by  Carl- Johan 
Clemedson  "An  experimental  study  on  air  blast  injuries'1 
(Clemedson,  1949).  During  the  65  years  that  have  passed 
since  that  publication,  a  considerable  number  of  animal 
models  have  been  proposed  suitable  for  research  on  blast 
induced  TBL  The  primary  btast  wave  is  the  propagation  of  a 
supersonic  pressure  wave  with  short  duration.  The  threshold 
for  injuries  is  determined  by  factors  such  as  peak  pressure, 


duration  and  shape  of  the  wave  (reflections,  underpressure 
etc.).  Models  for  better  understanding  the  primary  blast 
wave  include  (1)  open  field  exposure,  (2)  blast  tubes  for 
explosives  and  (3)  Shock  tubes  with  compressed  air  or  gas. 

#  Open  field  exposure.  Examples  here  are  the  large-scale 
classical  experiments  in  the  U*5,  in  desert  areas  and 
ponds,  employing  large  sets  of  animals  of  different 
species  and  sizes.  These  experiments  determined  thresh¬ 
olds  for  bleeding  in  air  filled  organs  such  as  the  lungs  and 
intestines,  but  the  potential  effects  on  the  central  ner¬ 
vous  system  were  not  assessed*  For  simple  waveforms, 
i,e*  the  Friedlander  type  of  wave,  dose  response  curves 
(the  Bowen  curves)  were  determined* 

•  Btasf  tubes  for  explosives *  During  1950s  large  size  blast 
tubes  were  created  to  study  effects  of  wave  forms  rel¬ 
evant  to  nuclear  detonations,  i.e,  comparatively  long 
duration  of  the  primary  peak.  The  tubes  were  often  used 
to  study  how  construction  details  such  as  doors  could  with¬ 
stand  a  btast  wave.  One  exception  was  the  studies  by 
CLemedson  at  the  Swedish  FOA  (Swedish  Defence  Research 
Establishment)  using  a  smaller  blast  tube  (Clemedson  and 
Criborn,  1955)  in  which  a  charge  of  plastic  explosive  was 
used.  These  types  of  systems  are  still  in  use,  but  have 
been  outnumbered  by  shock  tube  systems. 

*  Shock  tubes  with  compressed  ait  or  gos.  Systems  with 
compressed  air  were  used  already  in  the  1950s  (Celander 
et  al*,  1955)*  Most  systems  comprise  two  chambers, 
separated  by  a  membrane*  The  gas  is  loaded  into  an 
overpressure  chamber  (the  driver  section),  which  is  sep¬ 
arated  from  the  main  compartment  (driven  section)  by  a 
membrane  (diaphragm)*  The  object,  Le*  the  experimen¬ 
tal  animal  is  positioned  somewhere  in  the  main  section* 
The  operator  of  the  system  can  rupture  the  diaphragm  at 
a  predetermined  pressure  and  the  compressed  gas  enters 
the  main  section  as  a  blast  wave.  The  main  section  is  usu¬ 
ally  several  meters  long.  If  more  than  one  overpressure 
chamber  is  positioned  in  a  series  rather  complex  wave¬ 
forms  can  be  created  (Cernak  et  al  * ,  2  0 1 1 )  *  One  advantage 
with  this  type  of  shock  tube  is  the  absence  of  quater¬ 
nary  blast  effects  and  other  disadvantages  of  explosives* 
However,  this  advantage  can  also  be  regarded  as  a  disad¬ 
vantage. 

One  significant  problem  with  the  variety  of  experimental 
models  for  blast  TBI  is  that  it  is  very  difficult  to  actu¬ 
ally  compare  the  different  models*  For  example,  there  is 
no  real  consensus  for  monitoring  of  pressure  curves  for 
different  models  for  primary  blast.  Researchers  seem  to  dis¬ 
agree  about  recording  techniques  to  access  peak  pressure, 
duration  and  acceleration  movements*  Blast  waves  cause 
damage  by  a  combination  of  the  compression  of  the  air 
in  front  of  the  wave  and  the  subsequent  wind,  but  there 
is  no  real  consensus  on  how  to  represent  such  parameters 
in  the  laboratory  situation.  Experimental  models  should  be 
carefully  validated  in  terms  of  physical  parameters  (Antona- 
Makoshi  et  al. ,  2014)  and  outcome  (morphologic,  functional 
molecular  and  gene  expression  changes)  (Risling  et  al*T 
2011).  All  methods  that  could  facilitate  a  good  translation 
to  clinical  data  (serological  biomarkers,  neurophysiolgy  and 
imaging)  are  recommended. 
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Dr.  Ibolja  Cernak  lias  shown  that  blast  TBI  can  be  a 
systemic  reaction  to  blast  (Cernak,  2010).  General  inflam¬ 
matory  reactions  from  the  primary  blast  can  contribute  to 
the  reactions  of  the  brain*  The  propagation  of  pressure 
waves  through  the  body  in  blast  trauma  is  still  a  subject  of 
disagreement*  important  data  can  be  retrieved  by  carefully 
planned  experiments  utilizing  incomplete  body  protection 
(Cernak,  2010).  The  importance  of  repeated  mild  TBi  for 
development  of  late  development  of  neurodegenerative  dis¬ 
ease  has  been  documented  in  sports  medicine  (Guskiewicz 
et  al.r  2005)  and  repeated  injuries  will  undoubtedly  be 
included  in  a  number  of  protocols  for  research  on  blast 
TBI*  Studies  on  operators  in  breaching  training  can  provide 
a  very  interesting  strategy  to  collect  good  exposure  data 
and  biomarkers  after  repeated  controlled  detonations  (Tate 
etaL,  2013).  One  central  problem  is  that  exposure  data  from 
actual  clinical  situations  are  lacking*  Acceleration  probes 
mounted  in  helmets  may  help  to  solve  this  problem  and  if 
the  same  type  of  sensors  will  be  implanted  for  use  in  animal 
experiments  translation  of  data  may  be  facilitated. 

As  noted  above,  veterans  with  histories  of  blast- induced 
mTBI  who  have  been  exposed  to  explosions  are  more  likely 
to  have  headaches,  features  of  migraine,  more  severe  pain, 
PTSD.  and  impaired  sleep  with  nightmares.  It  is  difficult  to 
achieve  a  good  representation  of  such  parameters  in  the 
evaluation  of  animal  experiments  for  blast  TBI ,  i*e.  blast 
models  that  make  use  of  rodents  and  pigs.  Refined  behav¬ 
ioral  tests  with  a  high  sensitivity  for  stress  reactions  similar 
to  post  traumatic  stress  will  be  important  in  the  future  work 
with  blast  (Kamnaksh  et  aL,  2011;  Kovesdi  et  al.T  2011; 
Kwon  et  aL,  2011).  Additional  experiments  are  required 
to  enable  an  understanding  of  the  co-morbidity  of  TBI  and 
PTSD.  Such  experiments  could  be  combined  with  biomarker 
sampling,  behavior  analysis  such  as  the  Forced  Swim  Test  and 
functional  imaging.  A  recent  study  has  revealed  significant 
changes  in  catecholamines  and  serotonin  in  rodents  exposed 
to  a  mild  TBI  (Kawa  et  aL,  2014). 

One  way  to  accomplish  a  better  translation  between  ani¬ 
mal  experiments  and  the  clinic  would  be  to  employ  the  same 
methodology  for  analysis.  Imaging,  e.g.  with  MRI  (Kamnaksh 
et  aLT  2014)  or  magnetoencephalogram  (MEG),  and  system¬ 
atic  use  of  biomarkers  can  be  used  in  both  settings  and  help 
to  bridge  the  gap  between  the  lab  bench  and  the  hospi¬ 
tal  bed  (Agoston  et  al**  2012)*  It  is  important  to  consider 
that  the  limited  size  of  rodent  brains  creates  a  demand  for 
good  resolution  in  the  imaging  technique.  Strain  differences 
between  different  rodents  may  create  difficulties  in  the 
interpretation  of  biomarkers.  Different  timetables  for  injury 
induced  changes  in  biomarkers  between  rodents  and  humans 
should  also  be  considered.  Computer  based  reconstruction 
of  clinical  injuries  and  exposure  in  the  experimental  models 
can  help  to  narrow  the  knowledge  gap  between  experiments 
and  clinical  observations  (Kleiven,  2007)*  Fine-tuning  of  the 
finite  element  models  would  need  to  include  both  tissue 
properties  and  a  proper  representation  of  fiber  tracts.  Mod¬ 
eling  however,  has  limited  use  if  the  predictions  cannot  be 
validated  by  actual  biological  observations.  The  different 
geometrical  shape  of  the  rodent  brain  and  humans  can  cre¬ 
ate  obstacles  in  modeling.  It  is  therefore  advantageous  if 
data  from  larger  animals,  such  as  pigs,  are  available  also. 

The  Vietnam  Head  Injury  study  can  also  be  used  as  an 
example  of  translation*  Outcome  data  from  a  large  cohort 


of  patients  that  survived  penetrating  brain  injuries  has  been 
analyzed  during  more  than  35  years  (Raymont  et  al*.  2011). 
This  is  probably  one  of  the  most  detailed  follow-up  neuro- 
trauma  studies  that  has  ever  been  conducted.  This  material 
has  been  employed  to  reveal  the  importance  of  the  growth 
factor  BDNF  on  the  outcome  of  the  injury  (Rost  a  mi  et  al*s 
2011)  an  observation  that  later  was  brought  back  for  fur¬ 
ther  investigation  in  a  suitable  animal  model  (Rostami  et  al., 
2014). 

In  summary,  blast  TBI  involves  complex  energy  transfer 
and  several  possible  mechanisms*  The  primary  blast  wave, 
acceleration  generated  tissue  strain,  smoke  and  heat  can 
induce  both  mild  TBI  and  more  severe  injuries.  It  is  essential 
to  have  a  good  control  on  physics  during  animal  experiments 
on  blast  induced  TBI.  Translation  to  clinical  situations  can  be 
facilitated  if  serological  biomarkers  and  advanced  imaging 
techniques  can  be  used. 

3.  Clinical 

In  humans,  the  observation  that  repeated  mild  injuries  could 
result  in  chronic  traumatic  encephalopathy  (CT£)  (Lakis 
et  al.,  2013;  Stein  et  al.,  2014).  has  influenced  scientists  to 
start  experimental  projects  on  repeated  mild  blast  induced 
TBI  (Petraglia  et  al.#  2014a, b;  Glushakova  et  aL,  2014; 
Goldstein  et  aL,  2014). 

Also  there  is  now  evidence  that  changes  in  endocrine 
functions  and  regulation  can  show  significant  changes  in  TBI 
patients.  Serum  levels  of  melatonin  can  probably  contribute 
to  long-term  sleep  disturbances  in  TBI  patients  (Seifman 
et  aL,  2014).  It  has  been  observed  that  pituitary  dysfunc¬ 
tion  may  be  one  of  the  consequences  of  blast  TBI  (Baxter 
et  al.  ,  2013)  and  this  observation  should  be  analyzed  also  in 
experimental  models  for  blast* 

Of  course,  there  is  an  extensive  pre-dinical  and  clinical 
literature  showing  abnormalities  in  neuroendocrine  func¬ 
tion  in  PTSD,  review  of  which  is  beyond  the  focus  of  this 
paper  (de  Kloet  et  aL.  2006;  Krystal  and  Neumeister,  2009). 
Plasma  melatonin  levels  collected  48  h  after  a  trauma  in 
Australian  troops  are  reported  to  predict  later  PTSD,  but, 
a  recent  study  that  assessed  polysomnography  with  simul¬ 
taneous  blood  sampling  in  returning  Dutch  troops  observed 
no  PTSD- related  plasma  melatonin  abnormalities,  despite 
sleep  disturbance  (McFarlane  et  al,  *  2010;  van  Liempt  et  al*. 
2013)*  The  same  Dutch  study,  though,  showed  evidence  for 
a  link  between  hypothalamic-pituitary-adrenal  (HPA)  axis 
abnormalities  that  were  observed  and  sleep  disturbance  in 
the  troops  with  PTSD  (van  Liempt  et  al.,  2013). 

To  date  most  neuroendocrine  research  has  focused  on 
either  PTSD  or  mTBI  and  has  not  grappled  with  the  com¬ 
plexities  of  disentangling  effects  of  passible  co-occurring 
disorders*  Clearly*  going  forward,  as  our  ability  to  detect 
post-head  injury  residual  brain  injury  improves,  it  will  be 
important  to  carefully  characterize  diagnostic  status  (mTBI, 
PTSD  and  the  combination)  in  endocrine  and  autonomic 
research  in  military  cohorts  in  order  to  fully  tease  apart 
biomarkers  related  to  separate  (mTBI,  PTSD)  and  combined 
(mTBI  and  PTSD)  status,  given  the  high  co-occurrence  of 
both  disorders  in  deployed  troops* 

Inflammatory  reactions  and  cell  death  after  TBI  can  be 
different  in  males  and  females  (Gunther  et  al*.  20 15). 
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Such  differences  can  possibly  be  related  to  endocrine  func¬ 
tions.  Abo  metabolic  functions  can  be  altered  after  TBI. 
For  example ,  changes  in  the  cytochrome  p450  superfamily 
of  metabolic  enzymes  could  influence  the  metabolism  of 
inflammatory  mediators,  drugs  and  hormones  (Birnie  et  at,, 
2013),  Metabolic  abnormalities  have  been  proposed,  but  are 
yet  to  be  studied  in  humans  with  PTSD  {Naviaux,  2014). 

At  present  T  it  is  unclear  why  similar  mTBI  events  can  lead 
to  dramatic  neurobehavioral  decompensation  with  persis- 
tent  PCS  in  some  individuals,  but  not  in  others  (Jeter  et  al. , 
2013).  Retrospective  and  prospective  studies  of  combat- 
related  TBI  show  that  most  (<85%)  deployment-related  TBls 
are  mild  (MacGregor  et  aL,  2011:  Yurgit  et  al.,  2014).  But 
diagnoses  are  based  primarily  on  the  characteristics  of  the 
acute  clinical  sequelae  following  the  injury.  The  subtle, 
scattered  and  varied  lesion  (s)  usually  go  undetected  by 
conventional  CT,  and  they  are  often  unobservable  on  con¬ 
ventional  MRI  as  well  {Van  Seven  et  al.,  2009;  Bigler  and 
Or  risen,  2004;  Johnston  et  aU.  2001;  Kirkwood  et  at.,  2006). 
Teasdale  and  Jennet  showed  that  intracranial  lesions  in  mTBI 
are  detected  by  conventional  neuroimaging  techniques  in 
only  4%,  16%,  and  28%  of  patients  with  Glasgow  Coma  Scale 
scores  (GCS)  (Teasdale  and  Jennett,  1974)  of  15,  14,  and  13, 
respectively  (Culotta  et  al.,  1996). 

Usually,  the  persistent  PCS  and  cognitive  deficits  in  TBI 
patients  cannot  be  explained  solely  by  focal  pathology.  DAI 
is  a  major  contributor  to  these  deficits  and  is  commonly 
induced  by  sudden  acceleration -deceleration  or  rotational 
forces.  In  a  rodent  TBI  model,  axonal  injury  was  the  most 
prominent  feature  following  blast  exposure  (Carman  et  al., 
2011).  In  humans,  the  subsequent  tissue  injury  is  char 
acterized  by  axonal  stretching,  inflammation,  disruption, 
and  separation  of  nerve  fibers,  although  axotomy  is  rela- 
tively  rare  in  even  severe  TBI  (Adams  et  aL.  1989;  Basser 
and  Pierpaoti,  1996;  Gennarelli  et  aL,  1982;  Xu  et  al*, 
2007).  Conventional  CT  and  MRI  are  primarily  sensitive  to 
blood  from  nearby  torn  capillaries,  rather  than  axonal  dam¬ 
age  itself,  hence  they  underestimate  the  presence  of  DAI, 
especially  in  mTBI.  New  approaches  using  diffusion  ten¬ 
sor  imaging  (DTI),  positron  emission  topography  (PET),  and 
macrometeajlar  proton  fraction  (MPF)  have  showed  promis¬ 
ing  capability  in  detecting  injuries  and/or  abnormalities  that 
are  not  visible  in  CT  and  MRI  (e.g.*  Petrie  et  aL,  2014; 
MacDonald  et  at,  2011;  Davenport  et  aL,  2012;  Shenton 
et  al.,  2012). 

Magnetoencephalogram  (MEG)  is  a  non-invasive  func¬ 
tional  imaging  technique  that  directly  measures  the 
magnetic  signal  due  to  neuronal  activation  in  gray  matter 
(GM)  with  high  temporal  resolution  (<1  ms)  and  spatial  local¬ 
ization  accuracy  (2  3mm  at  cortical  level)  (Leahy  et  al., 
1998),  MEG  demonstrates  sensitivity  to  abnormal  neuronal 
signals  resulting  from  axonal  injuries.  Neurophysiological 
studies  in  animals  have  established  a  solid  connection 
between  pathological  delta- wave  (1  4  Hz)  generation  in  GM 
and  axonal  injuries  in  WM.  Gloor  et  al.  showed  that  polymor¬ 
phic  delta  band  slow- waves  produced  by  {white  matter)  WM 
axonal  lesions  in  the  cat  were  localized  to  the  GM  area  of 
cortex  overlying  the  lesion  (Balt  et  al.,  1977;  Gloor  et  al.r 
1977).  They  also  found  that  pathological  delta -waves  can 
be  induced  by  the  administration  of  atropine  in  the  WM 
(St  haul  et  aL,  1978).  It  is  known  that  atropine  is  a  com¬ 
petitive  antagonist  of  acetylcholine  receptors  and  can  block 


and/or  limit  the  cholinergic  pathway.  These  experiments 
concluded  that  cortical  de-afferentation  was  an  important 
factor  in  abnormal  delta-wave  production,  owing  to  WM 
tesions  (ie.,  axonal  injury)  and/or  defects  in  the  cholinergic 
pathway  (Schaut,  1998).  In  the  human  brain,  the  projec¬ 
tions  of  cholinergic  pathways  highly  overlap  with  the  WM 
fiber  tracts  (Selden  et  al,  1  1998),  which  make  the  cholinergic 
pathways  similarly  susceptible  as  the  WM  tracts  to  TBI. 

Human  studies  by  Lewine  et  al*,  and  our  laboratory 
showed  that  the  brains  of  mTBI  patients  generate  abnor¬ 
mal  low -frequency  magnetic  fields  that  can  be  measured 
and  localized  by  resting-state  MEG  (Huang  et  al.T  2009, 
2012;  Lewine  et  aL,  1999,  2007).  MEG  was  also  found  to 
be  more  sensitive  than  conventional  MRI  or  EEG  in  detecting 
abnormalities  in  mTBI  patients  (Lewine  et  al.,  1999,  2007). 
Unlike  normal  resting-state  MEG  data,  which  is  dominated 
by  neuronal  activity  with  frequencies  above  8 Hz,  injured 
neuronal  tissues  (due  to  head  trauma,  brain  tumors,  stroke, 
and  epilepsy)  generate  abnormal  focal  or  multi -focal  low- 
frequency  neuronal  magnetic  signals  (delta-band  1  4  Hz, 
or  theta-band  5  7 Hz)  that  can  be  directly  measured  and 
localized  using  MEG  (Baayen  et  al.*  2003;  de  Jongh  et  al.* 
2003;  Decker  and  Knott.  1972;  Lewine  el  at*,  1999;  Lewine 
and  Orrison,  1995;  Nagata  et  al.,  1985;  Vieth  et  al,,  1996). 
While  TBI  is  not  the  only  neurological  disorder  that  generates 
abnormal  slow- wave,  in  practice,  brain  tumors,  stroke,  and 
epilepsy  can  be  easily  ruled  out  based  on  structural  imaging 
(i.e.*  CT  and  MRI  for  tumor  and  stroke)  and  medicat  history 
(for  epilepsy). 

Fig.  1  shows  an  example  of  the  abnormal  resting-state 
MEG  slow- wave  findings  in  one  of  studies  (Huang  et  al., 
2009}  from  a  chronic  mTBI  patient  (sport  injury)  with  persis- 
tent  PCS  including:  pressure  headaches,  dizziness,  fatigue, 
memory  problems,  difficulty  falling  asleep,  and  changes  in 
speech  and  language.  Multiple  clinical  CT  and  MRI  scans  were 
all  negative.  Fig.  1  shows  that  the  abnormal  MEG  slow- waves 
came  from:  (1)  lateral  superior- posterior  left  temporal  lobe, 
and  (2)  an  area  containing  three  sub -regions  in  the  ventral 
right  temporal  and  occipital  lobes  (Huang  ef  al, ,  2009).  Deaf- 
ferentation  due  to  axonal  injuries  was  most  likely  the  cause 
of  slew-waves  in  these  GM  regions  which  was  confirmed  by 
Diffusion  Tensor  Imaging  (DTI)  traotography  analysis  (Huang 
et  aL*  2009). 

In  a  separate  region -of- interest  (ROI)  study  from  our  lab 
(Huang  et  al.*  2012),  we  assessed  abnormal  resting-state 
MEG  slow -wave  (1  -  4  Hz)  generation  from  96  cortical  regions 
from  three  TBI  groups:  23  mild  TBI  patients  exposed  to 
combat-related  blasts*  22  mild  TBI  patients  with  non-blast 
causes  (sports,  motor  vehicle  accidents,  fall*  and  assault), 
and  10  moderate  TBI  patients  with  non -blast  causes.  The 
normative  database  for  the  ROFbased  MEG  slow -wave  power 
was  established  using  data  from  44  healthy  control  sub¬ 
jects.  Fig.  2  shows  a  conservative  threshold  (horizontal  line) 
in  which  all  healthy  control  subjects’  slow- wave  measures 
were  below  this  level  (0%  false-positive  rate).  With  such  a 
threshold,  the  positive  detection  rates  were  96%  for  mild 
blast-induced  TBI  patients  (22  out  of  23),  77%  for  the  mild 
non-blast  TBI  patients  (17  out  of  22),  and  100%  for  the  mod¬ 
erate  TBI  patients  (10  out  of  10).  When  we  combined  the 
blast-induced  and  non -blast  mild  TBI  groups  together,  the 
correct  diagnostic  rate  was  about  87%  for  the  combined 
mild  TBI  group.  This  study  provides  a  foundation  for  using 
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Figure  1  Abnormal  MEG  slew-waves.  {1)  Left  column:  L  lateral  supenor-posteno'  temporal  region.  (2)  3ight  column:  R  inferior- 
temporal  areas.  Three  rows  are  lateral-,  ventral-,  and  middle-views,  respectively. 


Figure  2  Frequency-domain  MEG  low-frequency  source  imaging  power  are  plotted  separate,  y  for  (1)  healthy  control,  (2)  mild 
blast-induced  TBft  (3)  mild  non-blastdnduced  TBL  and  4)  moderate  FBI  groups.  The  y-axis  %  tr  Logarithm  scale. 
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Figure  3  MEG  source  imaging  in  beta  and  gamma  bands  shows  hyperactivities  (PTSD  >  Ctrl,  red-hot  color)  from  amygdala/anterior 
hippocampus  and  hypoactivities  (PTSD  < Ctrl,  blue-cold  color)  from  the  vmPFC,  with  corrected  p<G.05  in  beta-gamma  band. 


MEG  low-frequency  source  imaging  as  potential  biomarker 
to  assist  in  the  clinical  diagnosis  of  mild  TBI. 

Recently,  we  expanded  the  above  ROI -based  approach 
by  developing  a  voxel-based  whole-brain  MEG  slow-wave 
imaging  approach,  Fast-VESTAL  (Huang  et  al.,  2014a),  for 
detecting  abnormality  in  patients  with  mTBI  on  a  single¬ 
subject  basis  (Huang  et  aU  2C14b).  A  normative  database 
of  resting-state  MEG  source  magnitude  images  (1-4  Hz)  from 
79  healthy  control  subjects  (68  civilians  and  IT  active-duty 
military  service  members)  was  established  for  all  brain  vox¬ 
els.  The  high-resolution  MEG  source  magnitude  images  were 
obtained  by  our  recent  Fast-VESTAL  method.  In  84  mTBI 
patients  with  persistent  post-concussive  symptoms  (36  from 
blasts,  and  48  from  non-blast  causes),  our  method  detected 
abnormalities  at  the  positive  detection  rates  of  84.5%, 
86.1%,  and  83.3%  for  thecombmed  (blast-induced  plus  with 
non-btast  causes),  blast,  and  non-blast  mTBI  groups,  respec¬ 
tively.  We  found  that  prefrontal,  posterior  parietal,  inferior 
temporat,  hippocampus,  and  cerebeila  areas  were  partic¬ 
ularly  vulnerable  to  head  trauma.  The  results  also  showed 
that  MEG  slow-wave  generation  in  prefrontal  areas  positively 
correlated  with  personality  change,  trouble  concentrating, 
affective  lability,  and  depression  symptoms. 

Amygdala,  vmPFC,  and  hippocampal  regions  implicated 
in  pre-clinical  fear  processing  are  thought  to  be  dysfunc¬ 
tional  in  PTSD  (Rauch  et  a1.,  1998,  2006).  Functional 
neuroimaging  findings  using  positron  emission  topography 
(PET i  and  functional  magnetx  resonance  imaging  (fMRi) 
suggest  that  individuals  with  PTSD  exhibit  hyperresponsive 
amygdala  activity  to  trauma  or  fear- related  stimuli  (for 
review,  see  Shin  and  Liberzon,  2010),  during  emotionally 
neutral  tasks  (B-yant  et  al.,  2005;  Shin  et  al.,  2004b),  and 
even  at  rest  (Chung  et  al.,  2006;  Semple  et  al.,  2000). 
A  hyperresponsive  amygdala  contributes  to  tne  exagger¬ 
ated  fear  response  characteristic  of  PTSD  (Anderson  et  al., 
2003).  Conversely,  PTSD  has  been  associated  repeatedly  with 
hyporesponsive  vmPFC  (for  review,  see  Hughes  and  Shin, 
201 1).  Hyporesponsive  PFC,  as  well  as  reduced  connectiv¬ 
ity  to  the  amygdala  (Jin  et  al.,  2013;  Shin  et  al.,  2004a) 
may  indicate  insufficient  inhioitory  control  over  exagger¬ 
ated  fear  responses.  Lastly,  abnormal  hippocampal  function 


(Corcoran  and  Maren,  2001 )  and  reduced  connectivity  to  the 
amygdala  (Dolcos  et  al.,  2004;  McGaugh.  2004)  may  under¬ 
lie  impairments  in  contextual  memory  processing  and  the 
ability  to  inhibit  intrusive  memories  (Shin  et  al.,  2004a), 
although  findings  have  been  mixed  (Hughes  and  Snin,  2011). 
A  recent  resting-state  fMRI  study  showed  increased  activity 
m  amygdala  and  reduced  spontaneous  neural  activity  in  the 
dorso  lateral  PFC  (DLPFC)  (Van  et  aL,  2013),  However,  the 
authors  found  no  evidence  of  abnormal  resting-state  fMRi 
signal  in  the  vmPFC. 

Recently,  we  used  resting  state  MEG  to  study  16  OEF/OIF 
active-duty  military  and  veteran  participants  with  PTSD, 
and  23  age-matched  healthy  control  subjects.  Among  the 
control  subjects,  12  were  active-duty  military  personnel 
deployed  to  Iraq  and/or  Afghanistan  and  11  were  civil¬ 
ians  without  military  training.  Voxel-based  whole  brain  MEG 
source  magnitude  images  were  obtained  using  our  new 
Fast-VESTAL  high-resolution  MEG  source  imaging  method 
(Huang  et  al.,  2014a).  Fig.  3  shows  that  for  beta-gamma 
band  (15- 80Hz),  increased  MEG  activity  in  PTSD  (hyper¬ 
activities,  PTSD  >  controls)  was  generated  from  bilateral 
amygdala /anterior  hippocampus,  whereas  decreased  MEG 
activity  was  generated  from  the  vmPFC.  The  MEG  results 
were  consistent  with  the  theory  that  reducec  inhibition 
(hypoactivity)  from  the  vmPFC  and  hyperactivity  in  the 
r,fear  network"  including  the  amygdala/anterior  hippocam¬ 
pus  are  closely  related.  These  data  suggest  that  MEG  imaging 
may  accurately  visualize  brain  ev  dence  of  PTSD,  but  more 
research  is  needed  to  fully  develop  MEG  as  a  potential 
biomarker  for  PTSD. 

As  discussed  earlier,  TBI  signincantly  potentiates  PTSD 
development.  Here  we  present  some  preliminary  data  of 
using  a  voxel-based  MEG  source  imaging  approach  to  evalu¬ 
ate  the  potentiation  of  PTSD  by  an  mTBI.  The  new  aspect  of 
the  study  is  to  provide  much  needed  information  regarding 
exactly  what  brain  regions  that  are  part  of  the  abnor¬ 
mal  PTSD  neurocircuitry  are  also  particularly  vulnerable 
to  mTSL  Such  information  may  contribute  to  more  effec¬ 
tive  treatments  for  veterans  with  comorbid  mTBI  and  PTSD, 
and  guide  the  development  of  preventive  strategies  in 
PTSD. 
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Figure  4  MEG  source  imaging  shewing  slow- wave  generation  in  four  pztients  with  comorbid  mTBI  and  PTSD  from  vmPFC  and  dtPFC 
suggests  that  mTBI  may  potentiate  the  development  of  PTSD. 


Fig.  4  shows  preliminary  data  of  abnormal  MEG  slow- 
waves  from  4  patients  with  conorbid  mTBI  and  PTSD. 
All  patients  showed  abnormal  slow-waves  (1  4  Hz)  from 
vmPFC,  3  out  of  4  showed  bilateral  dlPFC  abnormal  slow- 
waves,  and  1  showed  right  clPFC  abnormal  slow-wave 
generation,  indicating  potential  injuries  due  tc  mTBI.  The 
slow-wave  generation  suggests  mTBI  in  these  RFC  areas.  In 
addition,  similar  to  the  preliminary  result  from  the  group 
of  25  PTSD  subjects,  these  4  comorbid  patients  also  showed 
MEG  hypoactivity  from  vmPFC  and  clPFC  in  high  frequency 
bands  when  compared  with  the  HCs  simitar  to  the  findings 
presented  in  Fig.  3.  In  this  comorbid  group,  the  co-existence 
of  abnormal  MEG  slow-wave  (mTBI  component)  and  hypoac¬ 
tivity  from  vmPFC  and  dlPFC  in  high  frequency  bands  (PTSD 
component)  suggests  the  mTBI  hjuhes  in  RFC  rray  result  in 
a  lack  of  inhibition  from  RFC  to  ether  areas  of  the  PTSD  neu¬ 
rocircuitry.  This  preliminary  data,  thus,  provides  evidence 
of  abnormal  slow-wave  generation  in  these  PFC  areas  due 
to  mTBI  and  the  potentiation  of  PTSD. 

4.  Limitations  of  this  study 

There  are  several  limitations  cf  this  study:  One  concern 
wi:h  neuroimaging  studies,  including  many  recent  studies 
involving  OIF/OEF  veterans,  are  the  reliance  on  conve- 
nience  samples  and  the  use  of  control  groups  that  do  not 
always  provide  adequate  scientific  comparisons  (Hoge  and 
Castro,  2011,  2014),  Next,  we  have  focused  on  the  poten¬ 
tiation  of  PTSD  development  due  to  mTBI,  Deployment  to 
Iraq  or  Afghanistan,  as  in  past  wars,  is  certainty  associ¬ 
ated  with  non-specific  generalized  physical  ard  cognitive 
health  effects,  and  it  is  likely  that  there  are  multiple  causes 
for  these  health  concerns  beyond  mTBI  and  PTSD  (e.g. 


pro  onged  periods  of  sleep  deprivation,  combat  intensity, 
intense  physical  strain  on  the  body  from  harsh  foot  patrols, 
depression,  repetitive  lead -bearing  injuries,  etc.)  (Hoge 
and  Castro  et  al,  2014).  Also*  deployment  experiences  are 
highly  variable.  Roughly  two-thirds  of  OIF/OEF  service  mem¬ 
bers  worked  principally  inside  heavily  fortified  compounds 
with  limited  exposure  to  vvar-zone  stressors  (other  than 
random  indirect  fire).  The  other  one-thirc,  mostly  infantry 
brie  ad  es,  have  done  the  lion's  share  of  the  direct  combat 
heavy  lifting,  but  even  in  those  units  there  is  high  vari¬ 
ability  of  exposure  experiences.  Clearly  service  members 
in  units  that  experience  more  direct  combat,  higher  levels 
of  sleep  deprivation,  and  more  non-head  injuries  will  likely 
have  higher  rates  of  non-specific  abnormalities  on  functional 
neur Damaging  (to  include  vmPFC  or  dlPFC)  than  comparison 
groups  that  did  not  have  this  level  of  deployment  intensity, 
and  thus  it  is  important  in  future  studies  io  consider  these 
factors  when  designing  studies  that  attempt  to  look  at  the 
neuroimaging  associated  with  blast,  mTBI  or  PTSD  cases. 
In  the  present  study,  our  control  group  for  the  MEG  slow- 
wave  source  imaging  study  contains  a  mix  of  active-duty 
military  and  civilian  subjects.  This  mix  was  necessary  since 
we  assessed  both  subjects  with  blast-induced  mTBI  as  well 
as  civilian  mTBI  subjects  without  blast  exposure.  Neverthe¬ 
less,  the  imbalance  of  active-duty  military  subjects  between 
the  control  and  blast  mTBI  groups  remains  a  limitation. 

Also,  as  noted  previously,  the  focus  of  this  paper  is  on 
mTBI  and  on  MEG  imaging,  thus  an  exploration  of  the  full 
ran^e  of  biomarkers,  in  particular  the  large  literature  on 
blood  based  biomarkers  in  PTSD,  was  beyond  the  scope  of 
this  paper.  The  common  co -existence  of  mTBI  and  PTSD  pose 
further  significant  challenges  for  blood-based  biomarker 
research  in  both  mTBI  and  PTSD  in  military  and  veteran 
populations,  since  co-occurrence  of  either  must  be  assessed, 


Please  cite  this  article  in  press  as:  Huang,  M. ,  et  al. ,  The  role  of  biomarkers  and  MEG -based  imaging  markers  in  the  diag¬ 
nosis  of  post-traumatic  stress  disorder  and  blast-induced  mild  traumatic  brain  injury.  Psychoneuroendocrinology  (2015), 
http://dx.doi.crg/10.1016/j.psyneuen,2015,02.008 


+Modd 

PNEC-2924;  Ho.  of  Pages  12 


Rote  of  biomarkers  in  PTSD  and  mTB! 


9 


and  considered  during  study  enrollment,  and  is  a  limita¬ 
tion  of  current  research.  Since  blast  exposure  is  a  risk  for 
PTSD  development*  and  there  is  significant  overlap  in  PTSD 
and  mTBi,  an  ultimate  goal  of  the  MEG  research  will  be  the 
development  imaging  biomarkers  for  PTSD,  and  for  mTBi  on 
a  single  subject  basis,  i.e.  diagnostic  biomarkers. 

5*  Conclusion 

In  summary,  TBI  is  a  highly  prevalent  condition,  although  the 
majority  of  cases  of  TBI  are  mild.  While  the  social  and  fiscal 
impact  of  moderate  and  severe  TBI  has  been  well  known, 
until  recently,  the  potential  negative  impact  of  mTBI  on 
health  has  been  underappreciated.  In  contrast  to  tools  avail¬ 
able  in  the  20th  century,  we  now  have  great  advancements 
in  technology  that,  combined  with  pre-dinical  insights,  can 
support  development  of  improved  approaches  for  clinical 
visualization  of  the  mTBi  injuries,  which  may  provide  a  basis 
for  a  new  schema  for  mTBi  diagnosis.  With  more  precise 
diagnostic  approaches*  such  as  high  resolution  imaging,  and 
cerebrospinal  fluid  or  blood  testing,  we  may  ultimately  be 
able  to  develop  imaging  and  bodily  fluid  biomarkers  for  use 
in  prognosis,  diagnosis,  or  as  treatment  outcome  measures. 
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ORIGINAL  ARTICLE 

Gene  networks  specific  for  innate  immunity  define 
post-traumatic  stress  disorder 

MS  Breen',  AX  Maihofer/  SJ  Gian1 * 3,  DS  Tyiee3,  5D  Chandler,  MT Tsuang2’4*5'6'7 *,  VB  Risbrough24,  DG  Baker24,  DT  O'Connor64, 
CM  Nievergelt3'4'9  and  CH  Woelk1,9 


The  molecular  faaors  involved  in  the  development  of  Post  Traumatic  Stress  Disorder  (PTSD)  remain  poorly  understood.  Previous 
transcriptomic  studies  investigating  the  mechanisms  of  PTSD  apply  targeted  approaches  to  identify  individual  genes  under  a  cross- 
sectional  framework  lack  a  holistic  view  of  the  behaviours  and  properties  of  these  genes  at  the  system-level.  Here  we  sought  to 
apply  an  unsupervised  gene-network  based  approach  to  a  prospective  experimental  design  using  whole-! ranscrlptome  RNA-Seq 
gene  expression  from  peripheral  blood  leukocytes  of  U.h.  Marines  {N~  188)t  obtained  both  pre-  and  post-deployment  to  conflict 
zones.  We  identified  discrete  groups  of  co-regulated  genes  (Le.,  co-expression  modules)  and  tested  them  for  association  to  PTSD. 
We  identified  one  module  at  both  pre*  and  post-deployment  containing  putative  causal  signatures  for  PTSD  development 
displaying  an  over-expression  of  genes  enriched  for  functions  of  innate-immune  response  and  interferon  signalling  (Type  !  and 
Type-ll),  Importantly,  these  results  were  replicated  in  a  second  non-overlapping  independent  dataset  of  U.S.  Marines  [N  -96), 
further  outlining  the  role  of  innate  immune  and  interferon  signalling  genes  within  co-expression  modules  to  explain  at  least  part  of 
the  causal  pathophysiology  for  PTSD  development  A  second  module,  consequential  of  trauma  exposure,  contained  PTSD  resiliency 
signatures  and  an  over-expression  of  genes  involved  in  hemostasis  and  wound  responsiveness  suggesting  that  chronic  levels  of 
stress  impair  proper  wound  healing  during/after  exposure  to  the  battlefield  white  highlighting  the  role  of  the  hemostatic  system  as 
a  clinical  indicator  of  chronic-based  stress.  These  findings  provide  novel  insights  for  early  preventative  measures  and  advanced 
PTSD  detection,  which  may  lead  to  interventions  that  delay  or  perhaps  abrogate  the  development  of  PTSD, 
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INTRODUCTION 

The  study  of  the  molecular  factors  that  determine  risk  and 
subsequent  development  of  Post-traumatic  stress  disorder  (PTSD) 
are  at  the  forefront  of  molecular  psychiatric  research.  A  significant 
number  of  men  and  women  exposed  to  severe  emotional  trauma 
and  loss  emerge  from  these  events  with  persistent  PTSD 
symptoms,  such  as  intrusive  imagery,  avoidance  and  hyperarousal, 
as  well  as  other  long-term  physical  health  problems.  PTSD  affects 
7-8%  of  the  general  United  Slates  (US)  population,  and  is 
higher  among  troops  recently  returned  from  the  wars  in  Iraq 
and  Afghanistan,  with  estimates  of  prevalence  as  high  as  20%/ 
Annual  health  care  costs  associated  with  PTSD  in  the  US  have 
been  estimated  to  be  1  SO  million  dollars/  Heterogeneity  in 
susceptibility  to  PTSD  suggests  that  differences  at  the  molecular 
level  (Le.  gene-expression  level)  may  influence  an  individual's 
physiological  and  psychological  response  to  trauma  and  thus  the 
development  of  PTSD,  A  clear  understanding  of  the  molecular 
mechanisms  underlying  this  aberrant  response  to  trauma  is 
required  to  reduce  the  substantial  morbidity  and  mortality 
associated  with  this  disorder. 


A  number  of  studies  have  analyzed  blood  gene  expression  and 
glucocorticoid  activity  to  build  more  effective  models  for 
identifying  molecular  faaors  associated  to  PTSD.1-1 2  These  studies 
were  recently  reviewed  by  Heinzlemann  and  Gill/  who  summar¬ 
ized  that  the  increased  expression  of  inflammatory  genes  and 
decreased  expression  of  the  genes  that  regulate  inflammation 
contribute  to  the  onset  of  PTSD.  Specifically,  when  considering  the 
overlap  in  results  from  transcriptomic  studies,  the  decreased 
expression  of  FKBP5  and  STAJ58f  which  regulate  inflammation,  is 
evident.4-6'79  The  majority  of  these  reviewed  studies3"4,1 02 
centered  transcriptomic  analyses  on  subjects  already  diagnosed 
with  PTSD,  and  thus  lacked  a  prospective  study  design,  as  well  as 
independent  datasets  for  validation  purposes.  These  studies 
employ  gene  expression  analysis  on  pre  determined  targets, 
focusing  analyses  on  the  individual  gene-level  and  the  putative 
clinical  utilities  of  the  resulting  gene-list,  without  studying  the 
connectivity  of  these  genes  at  the  system-level. 

Recent  gene-expression  network  analyses,  such  as  weighted 
gene  co-expression  network  analysis  (WGCNA),  aim  to  integrate 
expression  data  across  thousands  of  genes  into  a  higher -order 
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system-level  context  to  identify  groups  of  genes  within  a  network 
whose  expressions  are  highly  correlated  (i,e.  coexpression 
modules)*  In  doing  soH  WGCNA  provides  a  powerful  unsuper- 
vised  approach  to  tackle  the  molecular  complexity  that  occurs  in 
n  eu  rode  ve  I  o  pm  e  nta  I  and  psychophysiological  disorders/  A~r 9 
although  has  never  before  been  applied  to  PTSD. 

We  applied  WGCNA  to  RNA-Seq  and  microarray  peripheral 
blood  leukocyte  (PBL)  gene  expression  taken  from  two  indepen¬ 
dent  groups  of  U.S,  Marines,  both  pre-  and  post-deployment  to 
conflict  zones.  The  primary  goal  of  this  analysis  was  to  best 
characterise  the  prognostic  and  diagnostic  molecular  signatures 
defining  both  ‘PTSD  risk’  and  'PTSD'  states,  while  demonstrating 
the  robustness  and  reproducibility  of  WGCNA  findings  across 
datasets.  Instead  of  identifying  differentially  expressed  genes  on  a 
gene-by-gene  basis,  we  constructed  unsupervised  gene  co¬ 
expression  networks  from  a  combination  of  case  and  control  data 
and  identified  gene  co-expression  modules  within  these  networks. 
Modules  were  first  assessed  for  containing  differentially  expressed 
genes,  tested  for  their  association  with  PT5Dr  and  finally  subjected 
to  functional  enrichment  analysis.  In  this  manner,  we  then 
assessed  whether  the  PT SO-associated  modules  were  detected 
in  our  second  non-overlapping  dataset  of  U.S.  Marines  to  demon¬ 
strate  a  significant  and  consistent  association  of  our  findings.  We 
conclude  that  prospectively  profiling  the  iranscriptome  of  U.S. 
Marines  pre-  and  post-deployment  to  conflict  zones,  using  a  co- 
expression  analysis  approach  is  a  promising  strategy  for  identify¬ 
ing  and  studying  the  functions  of  causal  and  consequential 
molecular  factors  in  PTSD  development,  with  particular  value  in 
reproducing  results  across  independent  datasets  of  US*  Marines* 

SUBJECTS  AND  METHODS 

Sample  collection  and  datasets 

AH  subjects  were  mate  and  participants  in  either  the  Marine  Resilience  Study 
(MRS)  or  the  Marine  Resiliency  Study  If  [MRS  II),  prospective  studies  of  well- 
characterized  U.S,  Marines  scheduled  for  combat  deployment  to  Iraq  or 
Afghanistan,  with  longitudinal  follow  up  to  track  the  effect  of  combat  stress. 


Dataset  l— Whole  blood  was  obtained  from  124  MRS  II  US,  Marine 
participants  who  served  a  seven  month  deployment*  Stood  was  drawn  1- 
month  prior  to  deployment  and  again  at  3  months  post-deployment  for 
each  participant.  Each  blood  sample  (10  ml)  was  collected  into  an  EDTA 
coated  collection  tube,  RNA  was  isolated  from  peripheral  blood  leukocytes 
using  LeukoLGCK  Total  RNA  isolation  and  sequenced  using  the  lllumfna  Hi 
Seq  2000, 

Dotaset  2— For  validation,  data  were  compared  to  an  independently 
generated  gene  expression  data-set  from  a  separate,  non-ove dapping, 
group  of  SO  MRS  U.S.  Marine  participants  [Glaft  et  ai.  2013,  previously 
published  pre-deployment  data12).  Blood  samples  were  treated  In  an 
identical  fashion  as  described  above,  however  final  RNA  was  hybridized  to 
the  Affymetrix  Hu-Gene  1.0  ST  Array* 

PTSD  diagnosis 

At  the  time  of  each  blood  draw,  PTSD  symptoms  were  assessed  using  a 
structured  diagnostic  Interview,  the  Clinician  Administered  PTSD  Scale 
(CAPS).20""  Using  the  criteria  from  the  Diagnostic  and  Statistical  Manual  of 
Mental  Disorders,  fourth  edition  [2000), J4  diagnosis  for  partial  or  full  PTSD 
was  defined  as  a  threat  to  life,  injury,  or  physical  integrity  (Criterion  Al )  and 
the  presence  of  at  least  one  re-experiencing  symptom  and  either  three 
avoidance  symptoms  or  two  hyperarousal  symptoms,  or  two  avoidance 
symptoms  plus  two  hyperarousal  symptom/5-5'  Symptoms  must  have 
occurred  at  least  once  within  the  past  month  (frequency  £  1 )  and  caused  a 
moderate  amount  of  distress  [intensity  ^  2)* 

Subject  selection 

A  subset  of  MRS  11  study  participants  were  pre-selected  for  RNA-Seq 
analysis.  First,  at  pre-deployment,  all  participants  had  to  be  symptom  free, 
with  no  PTSD  diagnosis  and  a  CAPS  <25.  Second,  at  post-deployment, 
participants  who  fulfilled  criteria  for  partial  or  full  PTSD  diagnosis  were 
designated  the  PTSD  group.  Third,  participants  with  post-deployment 
CAPS<25  that  matched  the  post  deployment  PTSD  group  on  variables  of 
combat  exposure,  age  and  ethnicity  were  designated  the  'control*  group. 
Under  these  criteria,  all  paired  subjects  were  stratified  Into  two  groups 
based  upon  CAPS  scores  at  3-months  post-deployment  (Table  I, 
Supplementary  Table  1),  If  a  U.S.  Marine  participant  developed  PTSD 
following  trauma-exposure  at  3 -months  post- deploy  men!,  their  pre¬ 
deployment  sample  would  be  Included  in  the  TTSD-risk'  group.  Likewise. 


Table  1*  Recorded  clinical  parameters  from  U.S*  Marines  assessed  at  pre-  and  post-deployment  for  Dataset  1 


Time  point 

Pre-Deployment 

Post-Deployment 

PTSD  Coses  (N  =47) 

Controls  (N  =47) 

P -value 

PTSD  Coses  (H  ^47) 

Control  (N  =47) 

P’Vtriue 

Age 

22.1 5  ±2*53 

22,42  ±3,92 

0.682 

23.14  ±2*52 

23*42  ±3.92 

0.685 

Alcohol 

2.08  ±  1*55 

1*62  ±  1*33 

0.124 

1.79+1*32 

1.54  +  1. 11 

0318 

Tobacco 

1,75  ±1,62 

0*97  ±1,51 

0*02 

1*69  ±  1*69 

1*02  ±1.47 

0*042 

WC  adj. 

1.65  +  0*13 

1*72  ±0,13 

0,015 

1.68  ±0*14 

1,75  ±0.12 

0.012 

PCL 

21.29  +  472 

18.33  +  2.27 

0.0001 

4236  ±11,09 

20.94  ±3.87 

537122 

CAPS  total 

11.39 +  7.23 

6*75  +  6.90 

0.002 

53.1 7  ±15.08 

10,04  ±7*26 

5.99E32 

CAPSBs 

1.00  ±1*91 

0*54  ±1.92 

0.245 

14.9  +  7.25 

1.54  +  2*37 

6.29E-2 1 

CAPSCAs 

0*54  ±M1 

0*10  ±0.51 

0.015 

5.31+457 

0.85  ±2.08 

1 .88E-08 

CAPSCNH 

1,10  ±2,23 

0.97+2.88 

0,813 

9.17  +  5,32 

1.19  +  2.87 

1.2  IE-1 4 

CAPSOs 

839  ±5,66 

4,58  +  4.98 

0,001 

22.6  +  6*7 

6.42  ±  4.79 

5.97E-24 

CAPSCs 

2,00  ±2,73 

1 .62  +  3.66 

0*571 

15*67  ±7.23 

2.08+3.66 

7.15E-20 

Prior  Deployment 

19 

16 

0.6699 

— 

— 

— 

TBI 

— 

— 

— ■ 

30 

21 

0.097 

CES  PBE  mean 

— 

— 

— 

0*63  +  0.25 

0.53  +  032 

0.02 

Caucasian 

26 

26 

1 

— 

— 

— 

African  American 

4 

4 

1 

— 

— 

— 

Native  American  Mexican 

13 

15 

0,822 

— 

— 

— 

Asian  &  Other 

5 

3 

0,714 

— 

— 

— 

Abbreviations:  Alcohol*  alcohol  consumption;  CAPS  total*  CAPS  total  score;  CAPSBs,  re-experiendng  substate;  CAPSCAs*  symptoms  of  avoidance: 
CAPSCNls,  symptoms  of  numbing;  CAPSCs,  subtotal  C  subscale;  CAPSDs,  hyper  arousal  subscale;  CE5,  combat  exposure  scale;  PBE,  post  battle  experience; 
PCL,  PTSD  symptom  check  list;  TBI,  traumatic  brain  injury;  Tobacco,  tobacco  use;  Wt  adj.,  waist  circumference  was  adjusted  for  height;  not  applicable. 
Significance  was  assessed  with  a  Student's  two-tailed  f  test  for  continuous  variables  and  fishers  exact  test  of  proportions  for  binary  variables, 
[Average  ±  standard  deviation), 
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if  a  subject  avoided  PTSD  symptoms  at  3  months  post-deployment  their 
sample  at  pre-deployment  was  included  in  the  'control'  group. 

Data  preprocessing 

All  data  were  pre-processed  by  normalization,  filtering  genes  with  low 
expression  values,  and  removing  any  outliers  which  may  bias  down  stream 
analysis,  Final  subject  numbers  resulted  In  94  paired  subjects  (47  paired 
cases  and  47  paired  controls)  in  Dataset  1  and  48  paired  subjects  (24  paired 
cases  and  24  paired  controls)  in  Dataset  2.  To  compare  findings  from  ANA’ 
Seq  data  in  Dataset  t  to  microarray  data  in  Dofmef  2 ,  genes  found  only  on 
both  platforms  [N  -  10  '184)  passed  into  our  subsequent  analysis  (see 
Supplementary  File  for  more  detailed  information). 

Differential  gene  expression  analyses 

Differentially  expressed  genes  were  assessed  using  the  moderated  r-rest  in 
edgeflJfi  and  UMMAJ<>  packages  for  RNA-Seq  and  mscroarray  data, 
respectively,  and  unless  otherwise  specified,  the  significance  threshold 
was  a  nominal  P  value  <  Q.Q5.  A  nominally  significant  P- value  was  used  to 
yield  a  reasonable  number  of  genes  to  include  within  network  analyses. 
Differential  expression  analyses  were  performed  on  10  184  genes  between 
pre-  deployment  PTSD  case  anti  control  groups,  and  again  between  post 
deployment  PTSD  case  and  control  groups  (see  Supplementary  File  for 
more  detailed  information). 
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We  analyzed  two  different  gene  expression  datasets  generated 
from  RNA-Seq  [Daraser  J,  Table  1)  and  microarray  (Dafaset  2t 
Supplementary  Table  1)  using  peripheral  blood  leukocyte  (PBL) 
samples  taken  from  U,S.  Marines  pre-  and  post- deployment 
Following  a  set  of  differentia!  gene  expression  analyses  (Supple¬ 
mentary  Figure  1 ),  we  aimed  to  characterise  the  prognostic  and 
diagnostic  molecular  signatures  of  PTSD  by  studying  transcrip¬ 
tional  differences  at  the  systems-level  at  pre-deployment  and 
post -deployment  separately,  Initially,  WGCNA  was  used  in  Dataset 
1  to  assess  module  preservation  between  PTSD  cases  [N-  47)  and 
controls  [N  =  47)  for  the  pre-  and  then  the  post-deployment  time 
point  (see  Supplementary  File  for  complete  description).  This 
analysis  identifies  large  differences  in  gene  co-regulatory  patterns, 
as  being  disrupted  or  created  in  PTSD  cases  relative  to  controls,  or 
vis-versa.  However,  we  observed  strong  preservation  statistics 
between  the  two  groups  indicating  similar  fundamental  gene  co- 
regulation  within  PTSD  cases  and  controls,  suggesting  that  major 
changes  in  the  underlying  gene-gene  connectivity  are  not  a  basis 
for  the  pathology  of  this  disorder  (Supplementary  Table  2).  As  a 
result  we  used  the  higher  confidence  and  completeness  of  a 
combined  network  of  case  and  control  data. 


Gene  network  construction  and  module  detection 
Signed  co-express  Ion  networks  were  built  using  weighted  gene  co 
expression  network  analysis  (WGCNA)U  in  R.  A  total  of  10  184  genes  weie 
used  to  construct  each  network.  To  construct  the  networks,  the  absolute 
values  of  Pearson  correlation  coefficients  were  calculated  for  ail  possible 
gene  pairs  and  resulting  values  were  transformed  so  that  the  final  matrix 
followed  an  approximate  scale-free  topology  (see  Supplementary  File  for 
detailed  information).  The  WGCNA  dynamic  tree-cut  algorithm  was  used  to 
detea  network  modules.  In  order  to  determine  which  modules,  and 
corresponding  processes  were  most  associated  to  PTSD  related  states,  we 
ran  singular  value  decomposition  on  each  module's  expression  matrix  and 
used  the  resulting  module  elgengene  (ME),  which  is  equivalent  to  the  first 
principal  component,13  to  represent  the  overall  expression  profiles  for  each 
module,  For  each  gene  in  a  module,  module  membership  ikME)  was 
defined  as  the  correlation  between  gene  expression  values  and  ME  exp  res 
sion,  Genes  with  high  kME  inside  co-expression  modules  are  labeled  as  hub 
genes.13  GS  was  calculated  as  the  -log,0  of  the  l  value  generated  for  each 
gene  within  a  particular  module  using  a  moderated  f  test  and  is  a  measure 
of  the  strength  of  differential  gene  expression  between  PTSD  cases  and 
controls.  MS  was  calculated  as  the  average  GS  within  each  module  (see 
Supplementary  File  for  more  information). 

Statistical  analyses 

All  gene-set  overlap  analyses  were  performed  by  assessing  the  cumulative 
hypergeometric  probability  using  the  phyper  function  in  R. 

Enrichment  analyses 

Module  enrichment  was  assessed  three  ways.  First,  general  module 
enrichment  categories  were  obtained  using  gene  ontology  biological  pro¬ 
cesses  from  the  DAVID  database30  (httpV7david.abcc.ncifcrf.gov/),  Second, 
specific  module  enrichment  categories  were  obtained  using  the  WGCNA 
function  userhstEnrichmenr1*  using  modules  as  input-lists  and  curated 
Reactome  NCBt  Biosystems  pathways  and  terms32  as  user-defined  lists. 
Finally,  we  downloaded  the  highly  expressed,  cell  specific  (HECS)  gene 
expression  database  compiled  by  Shoemaker  et  at.  to  assess  cell  type 
specific  enrichment  results,  here  cell-type  marker  lists  were  used  as  a  user- 
defined  lists.  Alt  module  genes  were  used  for  enrichment  analyses  using  a 
FOR  corrected  P-vaJue  <  0,05  as  significant. 

Data  availability 

RNA-Seq  and  mrcroarray  gene  expression  data  are  freely  available  at 
the  Gene  Expression  Omnibus  under  the  Supersedes  accession 
m  m  ber  GS  EG48 1 4  (htt  p7/w ww.  ncbi  ,n  l  m  ,n  i  h  ,go v/g  e  o/q  ue ry/acccg  i  7acc  - 
GSE64814), 

Fall  Methods  and  any  associated  references  are  available  in 
Supplementary  Methods* 


Differential  module  expression  post-deployment  in  Dataset  1 
We  constructed  a  gene  co-expression  network  from  a  combina¬ 
tion  of  PTSD  cases  (N  =  47)  and  controls  {N  =  47)  post-deployment 
using  RNA-Seq  expression  data  from  Dataset  1  (Figure  1),  This 
analysis  identified  nine  modules  (fully  characterised  in  Supple¬ 
mentary  Table  3)  that  were  first  examined  for  enrichment  of 
differentially  expressed  genes.  Two  modules  (MIA  and  M1B)  were 
enriched  for  genes  identified  as  differentially  expressed  between 
PTSD  cases  and  controls,  reflected  by  an  elevated  module 
significance  (MS)  value  (Figure  2a),  To  determine  if  the  overall 
expression  of  modules  MIA  and  MIR  were  significantly  associated 
with  PTSD  group  status,  we  calculated  differences  in  module 
expression  using  module  eigengene  [ME}  values  (See  Materials  and 
Methods  for  complete  description  of  ME J.  Consistent  with  results 
using  MS,  expression  of  module  M1B  was  significantly  higher  in 
the  PTSD  resilient  control  group  {P-  0.004  and  Figure  2b) 
suggesting  a  positive  correlation  to  PTSD  resiliency,  meanwhile 
expression  of  module  MIA  was  significantly  higher  in  the  PTSD 


Figure  t.  Hierarchical  cluster  tree  and  post-deployment  module 
structure  in  Dataset  1.  Hierarchical  duster  tree  (dendrogram)  of  the 
combine  post-deployment  network  of  PTSD  cases  (N  =  47)  and 
controls  (W-47)  comprising  10  1B4  genes.  Each  line  represents  a 
gene  (leaf)  and  each  low- hanging  cluster  represents  a  group  of  co- 
ex  pressed  genes  with  similar  network  connections  (branch)  on  the 
tree.  The  first  band  underneath  the  tree  indicates  the  nine  detected, 
and  subsequently  analyzed,  network  modules.  Genes  shaded  in  grey 
were  not  assigned  to  a  particular  module  and  represent  background 
noise.  For  a  comprehensive  functional  annotation  of  each  module 
and  calculation  of  all  significant  module-trait  relationships  see 
Supplementary  Table  3. 


rj  201 5  Macmillan  Publishers  Limited 


Molecular  Psychiatry  (2015),  1  -8 


Unfolding  the  pat  ho  physio  togy  of  PTSD 
MS  Breen  ef  o\ 


4 


Dataset  1  Post-Deployment  Modules 
p  =  t.8e~137 


M1B  MIA 

p  =  0,004  p  =  0.019 


Group  Group  Group  Group 


Dataset  1  Pre-Deployment  Modules 
p  =  5.3e~234 


2.5- 

cT 

2,0- 

a 

> 

i 

CL 

15  — 

O 

03 

o 

1.0  — - 

CO 

05- 

0.0  — 

I  knrmfhMfHtVT 

M2A 


d 


M2A 

p  -  0.001 


Group  Group 


Figure  2.  Module  significance  (MS)  and  module  eigengene  (ME)  expression  boxplots,  MS  was  measured  across  all  pre-  and  post-deployment 
modules  in  Dataset  T  WGCNA  detected  ten  modules  post -deployment  from  a  combination  of  PTSD  cases  and  control  (a)  and  twenty-two 
modules  at  pre-deployment  from  a  combination  of  PTSD  risk  cases  and  controls  (ch  The  y-axis  indicates  MS  by  calculating  the  average  -logl0 
P-vaiues,  generated  by  a  moderated  r  test  for  each  gene  within  a  particular  module,  when  assessing  differential  expression  between  PTSD 
cases  and  controls.  Here,  a  kruskal-walfis  P-value  was  used  only  for  descriptive  purposes  and  not  inferential.  Modules  denoted  with  an  asterisk 
(*)  have  ME  values  significantly  correlated  to  conditional  states  (i.e.  PTSD  cases  or  controls).  Representative  modules  with  high  MS  at  post¬ 
deployment  and  pre-deployment  were  investigated  for  module  expression  differences.  Differences  in  ME  expression  were  measured  using  a 
two-tailed  student's  rtest  on  and  a  P-value  <  0,05  is  considered  significant.  Boxplots  are  displayed  for  each  main  group.  Significant  differences 
m  ME  expression  were  observed  in  posbdeptoymem  modules  MIR  and  MIA  (b)  and  in  pre-deployment  module  M2  A  (d). 


group  (P-0.02,  figure  2b).  Subsequently,  ME  values  for  each 
module  were  correlated  to  all  clinical  parameters,  found  in  Table  T, 
to  determine  module-trait  relationships.  The  ME  for  module  M1B 
was  significantly  correlated  to  post-deployment  PTSD  resilient 
controls  (r-Q.29,  P= 0.005),  negatively  correlated  to  post- deploy¬ 
ment  CAPS  and  PCL  (GAPs,  r  =-0.27,  P  =0.009;  Pa  f  =  -0.28, 
P=  0.007}  and  negatively  correlated  other  measures  of  CAPS 
(Supplementary  Table  3)  but  not  correlated  to  any  other  measured 
clinical  variable,  suggesting  that  differential  gene  expression  in 
M1B  was  not  confounded  by  recorded  measurements  such  as 
body-mass  index,  smoking,  or  alcohol  consumption.  Genes  in  Ml  B 
were  expressed  to  a  greater  extent  in  PTSD  resilient  controls 
(Figure  2b)  while  enrichment  analysis  revealed  a  significant  asso¬ 
ciation  with  hemostasis,  platelet  activation  and  wound  healing 
(Figure  3a),  Further,  enrichment  for  cell-type  specificity  revealed 
on  over- re  presentation  of  erythroid  expression  markers  (blood 
platelets).  Hub  genes  are  those  most  strongly  correlated  to  the  ME 
value  for  a  particular  module  and  represent  possible  disease  asso 
dated  markers,13  in  this  case  putative  PTSD-resHiency  markers.  The 
top  5  hub  genes  in  Ml  B  {C6orf25t  CTD5PL ,  ITGB3,  PRKAR2B  and 
TU8B1)  were  are  all  associated  with  hemostasis  and  in  particular, 
with  platelet  regulation  and  function34'17  (Figure  3b). 


The  ME  for  module  Ml  A  was  significantly  correlated  to  PTSD 
cases  (r=0.23,  P=G,03),  post-deployment  CAPS  criteria  of  avoid¬ 
ance  (CAP5CA,  r=032,  P-  0.002}  and  post-deployment  CAPs 
criteria  of  re-experiencing  (CAPSBs,  r=0.2,  P=Q.Q5)  but  to  no  other 
variables  (Supplementary  Table  3).  Genes  in  MIA  were  over- 
expressed  in  PTSD  cases  (Figure  2b)  while  enrichment  analysis 
revealed  a  significant  association  with  immune  response  as  exem¬ 
plified  by  innate  responses  mediated  by  interferon  (1FN)  signalling 
(Figure  3c),  as  well  as  with  monocyte  specific  markers.  The  top  5 
hub  genes  in  MIA  included  IH35,  \FIH1,  PARPU,  RSAD2  and 
UBE2L6 ;  all  well  described  interferon  stimulated  genes3S  and  here 
considered  putative  PTSD-associated  markers  (Figure  3d), 

Differential  module  expression  pre-deployment  in  Dataset  1 
It  is  unclear  whether  the  modules  identified  post-deployment  are 
causal  of  PTSD  development  or  are  simply  a  consequence  of  the 
disorder.  To  determine  if  any  post-deployment  modules  could  be 
re-identified  and  thus  associated  as  causal  modules,  we  con¬ 
structed  a  gene  co-expression  network  combining  RNA-Seq  gene 
expression  data  from  PTSD-risk  cases  { N  =  47)  and  controls  (Af  -  4  7) 
pre-deployment  in  Dataset  f.  Twenty  two  pre-deployment 
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figure  3,  Module  characterization  for  Dataset  7,  Enrichment  analysis  and  correlation  networks  for  modules  MiB  (a  &  b)  and  MIA 
(e  &  d)  identified  post-deployment  and  module  M2  A  {e  &  f)  identified  pre-deployment  in  Dataset  t  Enrichment  analysis  was  used  to  identify 
the  top  6  REACTOME  ontology  terms  (black  bars),  the  top  6  DAVID  ontology  terms  (grey  bars)  and  the  most  significant  cell-type  signature 
(white  bar)  over-represented  in  the  list  of  genes  within  each  module.  All  terms  were  deemed  significant  as  assessed  by  a  hypergeometric  test 
FDR  corrected  P-value  <  0.05  displayed  as  a  white  line.  The  total  number  of  genes  within  each  significant  term  is  denoted  within  the  brackets 
associated  with  that  term.  Gene-networks  were  constructed  selecting  the  top  150  most  significant  connections  ranked  by  kME.  Nodes 
represent  genes  and  edges  represent  correlations.  The  top  5  hub  genes,  those  most  correlated  to  ME  values,  are  shown  in  larger  sizes. 


modules  were  identified  (fully  characterised  in  Supplementary 
Table  4)  whereby  a  single  module  (M2A)  was  enriched  for 
differentially  expressed  genes  between  PTSD-risk  participants  and 
controls  as  reflected  by  an  elevated  MS  value  (Figure  2c),  Along 
the  same  lines,  M2A  module  expression  was  significantly  higher  in 
the  PTSD  risk  group  (P  =  0,001  and  Figure  2d),  Module  M2  A  ME 
was  significantly  correlated  to  one  variable,  PTSD-risk  (r=0.32, 
P  -  0,002,  Supplementary  Table  4).  Similar  to  module  MIA  that  was 
identified  post-deployment,  enrichment  analysis  of  genes  in  M2A 
revealed  a  significant  association  with  innate  immune  responses, 
IFN  signalling  and  monocyte  specificity  (Figure  3e),  The  top  5  hub 
genes  were  again  associated  with  IFN  signalling  (D7X3L,  IFtHI, 
IFIT3,  PARP14  and  STAT2)  (Figure  3f),  Gene-set  overlap  analysis 
compared  all  of  the  genes  in  M2  A  pre-deployment  (n=245)  to 
those  in  MIA  post-deployment  (n  =115)  to  reveal  a  significant 
overlap  (0=108,  P-6Je-181,  Figure  4), 

Validation  of  differential  module  expression  post-deployment  in 
Dataset  2 

To  validate  post-deployment  findings  in  Dataset  J  we  assessed 
Dataset  2  for  similar  network  properties  in  a  combined  network 
analysis  of  PTSD  cases  (N  =  24)  and  controls  ( N  -  24)  post-deploy¬ 
ment,  Out  of  8  modules  (full  characterisation  Supplementary  Table 
5),  a  single  module  (M3A)  contained  an  enrichment  of  differen¬ 
tially  expressed  genes  (Supplementary  Figure  2 A)  demonstrating  a 
modest  yet  insignificant,  increase  in  module  expression  within  the 
PTSD  group  (P=0.1,  Supplementary  Figure  2B).  The  ME  was 
significantly  correlated  to  post  battle  experience  (r  =  0,4,  P-  0*004), 
post-deployment  CAPS  (r  =  0.32,  P=0.03)  and  weakly  correlated  to 
a  PTSD  cases  (r=Q.21,  P=0.1,  Supplememary  Table  5).  The  genes 
in  this  module  were  over-expressed  in  PTSD  cases  relative  to 
controls  (Supplementary  Figure  2B)  and  enrichment  analysis 
revealed  a  significant  association  with  innate  immune  responses, 
IFN  signalling  and  monocytes  (Supplementary  Figure  3A),  "Hie  top 


5  hub  genes  (DDX53,  If 35 ,  tE(T5t  PARP9  and  Z8P1)  were  again  all 
associated  with  IFN  signalling  (Supplementary  Figure  3B).  A  highly 
significant  overlap  in  post-deployment  module  genes  across  MIA 
Or  =  115)  in  Dataset  t  and  MBA  tn  -  S3)  in  Dataset  2  (n-63, 
P=2.0E-105,  Figure  4b)  confirmed  the  identification  of  a 
dysregulated  innate  immune  module  related  to  PTSD  cases  across 
two  independent  datasets. 

Validation  of  differential  module  expression  pre-deployment  in 
Dataset  2 

To  re -confirm  pre-deployment  findings  from  Dataset  U  PTSD-risk 
cases  (N=24)  and  controls  [A/= 24)  pre-deployment  were  com¬ 
bined  from  Dataset  2  and  subjected  to  network  analysis  which 
identified  11  modules  (full  characterisation  in  Supplementary 
Table  6),  A  single  module  (M4A)  was  enriched  for  differentially 
expressed  genes  between  PTSD-rtsk  cases  and  controls  (Supple¬ 
mentary  Figure  2C),  The  PTSD-risk  group  displayed  a  significant 
over-expression  of  module  expression  (P-0,01,  Supplementary 
Figure  2D),  The  ME  for  M4A  was  significantly  correlated  to  PTSD- 
risk  (r  =  0.36*  P  =  0.01)  and  CAPs  (r  =  CL44,  P  =  0,002,  Supplementary 
Table  6),  Moreover,  enrichment  analysis  of  M4A  revealed  a 
significant  association  with  innate  immune  responses,  IFN  signall¬ 
ing  and  monocytes  (Supplementary  Figure  3Q,  and  the  top  5  hub 
genes  ( PARP9 1  UBE2L6t  STAT2t  TRIM22  and  GBP 7)  were  again  all 
associated  with  IFN  signalling  (Supplementary  Figure  3D).  All 
pairwise  gene-set  overlap  analyses  across  modules  Ml  A,  M2A, 
MSA  and  M4A  revealed  a  highly  significant  overlap  (Figure  4bJ  and 
hub  gene  expression  for  these  modules  showed  elevated 
expression  in  PTSD  groups  when  compared  to  controls  both 
pre-  and  post-deployment  across  both  datasets  (Supplementary 
Figure  4),  These  results  demonstrate  the  association  of  a 
dysregulated  innate  immune  module,  related  to  IFN  signalling, 
which  appears  to  define  at  least  part  oF  the  pathophysiology  of 
PTSD  through  causal  association  to  PTSD  development. 
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Figure  4,  Venn  Diagram  of  Innate  Immune  Modules  across  Dataset  f 
and  Dataset  2,  Venn  Diagram  [a)  depicting  significant  overlap  in 
genes  belonging  to  modules  Ml  A  post-deployment  and  M2  A  pre- 
deployment  in  Dataset  I  as  well  as  modules  M3  A  post  deployment 
and  M4A  p  redeployment  in  Dotoser  2 .  Gene  overlap  (n)  with 
associated  hyper  geometric  P-value,  in  italics,  are  depicted  for  all 
pairwise  comparisons  of  module  genes  (b).  The  overlap  identified  51 
genes  found  across  all  four  analyses  (c)  which  are  displayed  in  the 
table  along  with  the  corresponding  kME  rank  (Le.  rank  of 
connectivity)  for  each  gene  within  a  particular  module,  A  high  rank 
indicates  hub  gene  status  (i.e.  PTSD  risk  and  PTSD  associated 
markers}.  Numbers  in  bold  outline  the  top  10  hub  genes  across  each 
module,  respectively.  Genes  are  ordered  accordingly  to  M2A  kME. 
All  51  genes  are  displayed  via  heatmap  in  Supplementary  Figure  4. 

DISCUSSION 

We  investigated  the  high-order  system-level  properties  of  PTSD 
using  an  unsupervised  network-based  approach  [WGCNA)  to 
identify  differences  at  the  gene  co-expression  level,  rather  than 


investigating  at  the  individual  gene  level  Gene  expression  data 
were  generated  by  RNA-Seq  (Dataset  1)  and  microarray  (Dafasef  2) 
using  PBl  samples  isolated  from  LL5.  Marines  pre-  and  post¬ 
deployment  to  conflict  zones  (Le.  Iraq  and  Afghanistan},  Our 
comprehensive  and  prospective  experimental  design  allowed  the 
investigation  of  both  biological  processes  that  define  PTSD  and 
those  driving  the  development  of  this  disorder,  and  further, 
allowed  the  re-confirmation  of  findings  in  an  independent  dataset. 
This  is  the  first  time  dysregulated  gene  networks  specific  for 
innate  immunity  have  been  used  to  characterise  causal  and 
consequential  molecular  signatures  of  PTSD  and  then  to  furthei 
replicated  these  findings  across  independent  datasets, 

A  novel  finding  from  our  network  analyses  was  the  identifica¬ 
tion  of  modules  related  to  hemostasis  and  wound  responsiveness 
expressed  to  a  greater  extent  post-deployment  in  US  Marines  who 
did  not  develop  PTSD  (Figure  2b),  as  in  module  M1B  (Figure  3a). 
Interestingly,  the  three  other  network  analyses  also  detected 
modules  related  to  hemostasis  and  wound  response  with 
significant  overlap  (Ml 6  pre-deployment  Dataset  1;  M7  and  M6 
indented  post-  and  pre-deployment  in  Dataset  2;  Supplementary 
Figure  5,  Supplementary  Tables  4),  These  other  modules  revealed 
patterns  of  heterogeneous  gene  expression  irrespective  of  group 
status  and  time-point  suggesting  that  these  modules  and 
corresponding  processes  may  infer  wound  resilience  in  only  a 
small  subset  of  individuals.  Along  these  lines,  it  has  been  well 
documented  that  different  degrees  of  stress  will  elicit  different 
stress  responses  (review19),  and  in  particular,  a  response  involving 
blood  platelets,  has  been  shown  to  be  a  critical  bio  marker  of 
hemostatic,  thrombotic,  and  inflammatory  challenges  to  an 
organism  and  a  key  player  in  cardiovascular  disease  and  chronic 
based  stress,  as  in  PTSD4041  Moreover,  in  a  review  of  a  large 
number  of  studies  examining  various  tissue  types,  it  was  found 
that  different  types  of  psychological  stress  were  associated  with 
impaired  wound  healing  A  m  eta- ana  lysis  found  an  inverse 
correlation  (r  =  -0.42)  between  psychological  stress  and  wound 
healing'13  supporting  the  positive  association  between  wound 
healing  and  PTSD  resilience  (r  =0.29,  P=0.005)  found  in  this 
study.  This  suggests  that  high  levels  of  stress  may  hinder  proper 
wound  healing  during/after  battlefield  trauma,  although  the 
degree  of  such  stress  appears  to  be  a  key  factor  for  establishing 
associations  with  the  hemostatic  system. 

Our  central  finding  was  the  identification  of  a  dysregulated 
innate  immune  module  associated  with  the  development  of  PTSD 
(Figures  2  and  3,  Supplementary  Figure  3),  illuminated  by  the 
replication  of  modules  post-deployment  (MIA  and  M3  A)  and 
those  pre -deployment  (M2A  and  M4A]  that  could  be  associated 
with  PTSD.  These  findings  suggest  that  differences  in  innate 
immunity  modules  were  not  simply  a  consequence  of  the  PTSD 
state  post-deployment  but  also  have  causal  relevance  for  PTSD 
development  and  explain  at  least  part  of  the  pathophysiology  of 
the  disorder,  exemplified  by  their  identification  pre-deploy  mem 
These  results  highlight  our  differential  expression  analyses 
(Supplementary  Figure  1)  and  our  previous  reports  of  C-reactive 
protein  (CRP),  a  general  marker  of  immune  activation  and 
inflammation,  and  5 -oligoadenylate  synthetase  genes  {Le.  OA51, 
OA52,  0AS3)  as  markers  of  the  antiviral  interferon  response,  that 
were  associated  with  an  increased  risk  of  developing  PTSD  44,1  J 
However,  our  current  findings  dramatically  extend  these 
results  by  showing  that  the  IFN  response  is  being  modulated 
to  a  much  greater  extent  than  previously  thought  pre-  and 
post-deployment.  Notably,  a  number  of  single  case  studies 
have  reported  that  treatment  of  hepatitis  C  virus  (HCV)  infected 
PTSD  subjects  with  recombinant  interferon  (IFN-  a2b)  precipitated 
PTSD  symptoms.454*  In  our  study,  where  subjects  were  not 
receiving  IFN  therapy,  it  is  unclear  what  is  stimulating  the  IFN 
response. 

Our  observations  lead  to  several  fundamental  questions  and 
some  putative  solutions.  First,  how  does  one  interpret  the  over 
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expression  ot  innate  immunity  genes  found  prior-to  trauma?  One 
possible  explanation  is  that  both  acute  and  severe  stress, 
predictors  in  their  own  right  for  PTSD,  are  also  associated  with 
the  hyper-activation  of  the  immune  system  and  subsequent 
inflammation^ VM  An  alternative  hypothesis  is  that  stress,  patho 
gens  and/or  high  viral  loads  may  'prime'  the  immune  system, 
driving  the  IFJSI  response,  altering  a  subsequent  response  to 
trauma.  Along  these  lines,  studies  focusing  on  the  gut- brain 
barrier  have  shown  that  intestinal  mucosal  dysfunction,  defined  as 
increased  translocation  of  gram-  negative  bacteria  (leaky  gut), 
plays  a  role  in  the  inflammatory  pathophysiology  of  depression 
suggesting  that  differences  in  gut  flora  may  stimulate  an  IFN 
response.  Second,  does  a  dysregufated  innate  immune  module 
pre -deployment  hold  predictive  value?  Our  previous  work 
constructing  a  prognostic  classifier  from  Dorosef  2  pre- 
deployment  participants*2  suggests  that  immune-related  genes 
do  hold  predictive  value  although  these  results  have  not  yet  been 
replicated  across  larger  datasets  using  machine-learning  methods. 
Inferring  the  prognostic  relevance  of  network-based  applications 
remains  challenging.  However,  cross-referencing  our  findings  with 
this  previous  work  suggests  that  network  statistics,  and  our  innate 
immune  modules,  do  have  potential  to  contain  predictive  value. 
Third,  out  of  the  entire  network  of  pairwise  correlations  between 
genes  across  the  transcHptome,  are  the  most  informative  genes 
interconnected  within  similar  modules  or  spread  out  across 
numerous  modules?  A  possible  limitation  of  this  study  was  that 
by  analyzing  co-regulated  modules  of  genes  we  may  have  missed 
individual  genes,  which  do  not  correlate  within  our  modules  of 
interest  although  are  of  functional  relevance  to  PTSD.  For 
example,  previous  reports  specifically  target  FKBP5  and  STAT5B 
as  differentially  expressed  biomarkers3  a  H  12  although  they  were 
not  assigned  to  co- expressed  modules  nor  found  to  be 
significantly  differentially  expressed  between  PTSD  cases  and 
controls.  Finally,  of  what  relevance  is  PBL  gene  expression  for  a 
disorder  primarily  associated  with  the  brain?  In  this  study  we 
identify  innate  immunity  and  IFN  signalling  genes  whose 
expression  was  elevated  in  PBLs  both  before  and  after  the 
development  of  PTSD  (Figure  2  and  Supplementary  Figure  4). 
Although  the  recruitment  of  such  signalling  could  be  triggered  by 
various  factors,  they  ultimately  release  toxic  compounds  including 
degradative  enzymes  and  reactive  oxygen  species  that  can  impair 
cellular  processes.50^53  It  could  be  hypothesized  that  the 
accumulation  of  these  compounds  in  the  blood  prior-to-deploy- 
ment  may  be  detrimental  to  the  brain  if  the  integrity  of  the  blood 
brain-barrier  (BBB)  was  then  compromised  by  injury  (e.g+  TBt).  An 
increasing  body  of  evidence  indicates  that  changes  in  the  blood 
may  seed  pathology  in  the  brain  across  various  disorders.  In  a 
recent  Multiple  Sclerosis  study,  Minagar  and  Alexander54  investi¬ 
gate  the  association  of  INF  with  the  BBS  suggesting  that  IFN-y  and 
other  pro  inflammatory  cytokines  (TNF-o  and  IL-ip)  disrupt  the  BBB 
through  a  variety  of  mechanisms.  Further,  Alzheimer's  disease 
models  suggest  that  breaches  in  the  BBB  lead  to  leakage  into  the 
brain  of  blood-borne  molecules  that  are  toxic  to  neurons  and 
cause  neurodegenerative  changes ,  Future  studies  investigating 
the  role  of  the  B8B  in  PTSD  may  provide  a  detailed  explanation  for 
a  specific  course  of  PTSD  development. 

In  summary,  our  data  provide  a  global  framework  for  previously 
unknown  molecular  aspects  of  PTSD  and  describe  a  new  context 
concerning  the  complex  pathophysiological  nature  of  PTSD 
development.  Specifically,  modules  of  to-expressed  genes  asso^ 
dated  with  the  innate  immune  response  and  IFN  signalling  appear 
to  be  implicated  in  the  development  of  PTSD  and  continue  to 
persist  once  the  disorder  is  established.  Modules  associated  with 
hemostasis  and  wound  healing  may  contribute  to  resilience 
against  developing  PTSD.  It  is  hoped  that  this  study  will  lead  to 
future  work  confirming  the  importance  of  differences  in  innate 
immune  factors  to  the  development  of  PTSD  and  the  role  of 
platelets  in  the  stress  response.  Ideally,  these  findings  will  allow  for 


advanced  PTSD  detection,  which  could  delay  or  abrogate  PTSD 
development  by  identifying  susceptible  service  members  prior  to 
deployment  to  conflict  zones  by  either  removing  the  causal  path 
(le.  trauma  exposure)  or  through  early  intervention  of  new 
therapies  to  modulate  the  interferon  signature. 
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New  findings  from  prospective  studies 


Cross  Mark 


1,  Background:  the  conference 

The  first  biomarker  in  the  military  conference,  which  was 
a  broad  discussion  of  issues  in  a  panel  format*  was  held  on 
Septembei  14,  2012  in  New  York*  NY,  The  research  that  was 
presented  is  summarized  in  a  paper  that  includes  criteria 
for  biomarkers  for  PTSD,  but  with  no  specific  study  findings 
available  yet  (Lehrner  and  Yehuda,  2014).  This  special  sec¬ 
tion  covers  talks  presented  at  the  second  military  biomarker 
conference  that  was  held  as  a  satellite  to  the  43rd  meeting 
of  the  annual  meeting  of  the  Society  of  Psychoneuroen¬ 
docrinology.  The  conference,  entitled  ‘Sfomorfcers  in  the 
Military*  was  held  at  the  Royal  Marine  Base  in  Amster¬ 
dam  August  23,  2013,  The  aim  of  the  satellite  was  to 
bring  together  researchers  supported  by  Departments  of 
Defense,  Veterans  Administrations,  National  institutes  of 
Health,  and  other  agencies  around  the  world  engaged  in 
study  of  biomarkers  in  the  military.  This  special  section,  the 
first  to  assemble  new  findings  focused  on  biomarker  discov¬ 
ery*  presents  work  of  researchers  from  a  number  of  North 
Atlantic  Treaty  Organization  (NATO)  partners  collaborating 
in  the  International  Security  Assistant  Force  (ISAF),  While 
one  paper  is  a  pre-ctinkal  study  relevant  to  biomarker  dis¬ 
covery,  most  are  clinical.  The  work*  as  described  below, 
includes  original  contributions  from  the  gold-standard  study 
design,  prospective  longitudinal  studies  as  well  as  from 
cross-sectional  research. 

2>  Special  section  papers 

Schmidt  et  al.  provide  a  literature  review  and  conceptual 
framework  for  prospective  longitudinal  studies.  They  review 
progress  in  the  search  for  PTSD  risk  and  resiliency  biomark¬ 
ers  in  both  civilian  and  military  studies.  Despite  a  significant 
increase  in  the  number  of  prospective  trials  over  last  couple 
of  years  and  some  promising  results,  Schmidt  et  al.  address 
the  need  for  well-designed  pre-post  studies.  In  their  rigor¬ 
ous  selection  of  over  8,000  papers  targeting  PTSD  biomarker 
research  they  could  only  include  9  imaging  and  27  molecular 
studies  that  hold  power  for  biomarker  identification.  They 
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underscore  the  increasing  evidence  that  polymorphisms  of 
HPA  axis  associated  genes  interact  with  earty  life  stress  to 
enhance  the  vulnerability  for  adulthood  PTSD.  Yet,  none  of 
the  proposed  PTSD  risk  markers  is  currently  clinically  appli¬ 
cable  since  alt  proposed  markers  lack  PTSD  specificity. 

Nievergelt  and  colleagues  present  the  first  ever  genome¬ 
wide  association  study  (GWAS)  in  a  military  cohort.  This 
cohort*  the  Marine  Resiliency  Study  (MRS)  cohort  was 
designed  as  a  prospective  study  to  determine  risk  and 
resilience  genes  by  analyzing  genes  from  active  duty  per¬ 
sonnel  about  to  deploy  to  Iraq  and  Afghanistan  (Baker 
et  aL,  2012).  Because  the  intention  was  to  follow  nearly 
3500  troops  when  they  returned  from  combat,  the  study 
offered  the  possibility  to  determine  whether  information 
about  GWAS  and  other  markers  predicted  short-  and  long¬ 
term  post -combat  mental  and  physical  outcomes.  The  study 
by  Nievergelt  et  al.  is  also  noteworthy  for  being  the 
first  mutti-ethmc/racial  GWAS  of  PTSD,  and  thus  highlights 
the  potential  to  increase  power  through  m  eta -ana  lyses 
across  ancestry  groups.  In  this  initial  analysis  of  the  data, 
Nievergelt  and  colleagues  identified  the  phosphoribosyl 
transferase  domain  containing  1  gene  (PRTFDC1)  as  a 
genome-wide  significant  PTSD  locus,  with  a  similar  effect 
across  ancestry  groups.  Another  key  finding  of  the  paper  is 
that  a  cross -disorder  polygenic  analysis  shows  the  existence 
of  common  SNPs  between  posttraumatic  stress  disorder  and 
bipolar  disorder.  By  seeking  data  from  other  studies  to 
locate  replication  cohorts,  the  study  also  highlights  impor¬ 
tant  strategies  for  interpreting  similarities  and  differences 
between  military  and  other  samples. 

Another  paper,  by  Tylee  et  al.  presents  data  from 
the  same  cohort,  the  MRS  study,  building  upon  earlier 
work  (Glatt  et  aL.  2013).  It  provides  preliminary  results 
of  proof -of -principle  findings  for  a  diagnostic  blood-based 
mRNA-expression  biomarker  panel  in  PTSD  based  on  gene- 
expression  levels  in  peripheral  blood  samples.  The  authors 
present  a  prospective  study  in  50  U.5.  Marines  (25  eventual 
PTSD  cases  and  25  non -PTSD  comparison  subjects)  with  data 
gathered  prior  to  their  deployment  overseas  to  war-zones  in 
Iraq  or  Afghanistan,  and  again  upon  return.  Their  panel  of 
biomarkers  in  peripheral  blood  celts  of  eventual  PTSD  cases 
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was  significantly  enriched  for  immune  genes,  and  achieved 
70%  prediction  accuracy  in  an  independent  sample  based  on 
the  expression  of  23  full-length  transcripts,  and  attained  80% 
accuracy  in  an  independent  sample  based  on  the  expression 
of  one  exon  from  each  of  five  genes. 

From  the  same  research  group  (Marine  Resiliency  Study 
H;  Neurocognition  project),  Risbrough  et  al*,  analyzing  data 
from  Marines  bound  for  Afghanistan  prior  to  their  deploy¬ 
ment,  uses  a  functional  biomarker  approach  to  assess  the 
effectiveness  of  the  fear  potentiated  startle  paradigm  in 
producing  fear  learning  and  extinction,  and  the  association 
of  performance  with  baseline  psychiatric  symptom  classes. 
Comparison  of  four  groups  (Healthy,  PTSD  symptoms,  Anxi¬ 
ety  symptoms,  and  Depression  symptoms)  across  the  cohort 
shows  differential  patterns  of  fear  conditioning  and  extinc¬ 
tion,  with  the  PTSD  symptom  group,  in  contrast  to  anxiety, 
depression  and  healthy  showing  reduced  fear  inhibition, 
consistent  with  the  idea  that  safety  signal  discrimination  is 
a  relatively  specific  marker  of  PTSD.  The  researchers  plan  to 
follow  up  to  determine  if  deficits  in  fear  inhibition  vs*  exag¬ 
gerated  fear  responding  are  separate  biological  'domains’ 
that  might  predict  differential  biological  mechanisms  and 
possibly  treatment  needs,  as  well  as  to  pursue  longitudinal 
analyses  to  examine  whether  poor  safety  signal  learning  pro- 
vides  a  marker  of  vulnerability  to  develop  PTSD  or  is  specific 
to  symptom  state* 

Four  papers  are  driven  from  data  from  a  prospective  lon¬ 
gitudinal  study  in  Dutch  soldiers  deployed  to  Afghanistan  as 
part  of  1SAF,  called  Prospective  Research  in  Stress  related 
Military  Operations  (PRI5MO)*  Acquisition  of  biological  sam¬ 
ples  for  this  study  started  in  2005  and  lasted  until  2008  and 
included  a  total  of  1032  soldiers.  In  the  first  2  year  follow-up 
prevalences  of  mental  health  symptoms  do  not  differ  much 
from  those  reported  by  other  NATO  partners  (Reijnen  et  aL. 
2014)*  The  design  allows  for  identification  of  blood-based 
biomarkers,  (epi)genetic  analyses  and  symptom  trajectories 
as  this  cohort  is  being  followed  up  at  multiple  time  points 
up  to  10  years  post  deployment*  A  small  group  has  been 
scanned  with  functional  neuroimaging  of  the  brain  before 
and  after  deployment  driving  new  findings  e.g*  on  the  role 
of  the  amygdala  and  glucocorticoid  receptor  number  (Geuze 
et  aL*  2012;  van  Wingen  et  aL,  201 1  )*  This  special  issue  con¬ 
tains  four  studies  by  Boks  et  aL  *  van  Zuiden  et  al,  Reijnen  et 
at,  and  Smid  et  al,,  published  from  this  cohort*  The  first,  by 
Boks  et  at*  focuses  on  epigenetic  age*  It  has  been  suggested 
that  traumatic  stress  has  an  impact  on  aging  at  the  cellular 
level,  which  can  be  investigated  by  estimating  epigenetic 
age  based  on  DNA  methylation  profiles.  While  our  prevailing 
understanding  is  that  a  telomere  shortening  is  associated 
with  PTSD  or  PTSD  onset,  Boks  et  aL  found  a  remarkable 
acceleration  of  aging  induced  by  combat  exposure*  Develop¬ 
ment  of  initial  PTSD  symptoms  (at  6  months)  was  associated 
with  telomere  lengthening  and  reversed  epigenetic  aging 
which  may  be  best  understood  to  be  linked  to  a  dysfunctional 
compensatory  cellular  aging  reversal  in  early  stages  of  PTSD. 
The  second  paper,  by  Van  Zuiden  et  al,  followed  up  on  prior 
findings  of  higher  pre-deployment  GR  number  in  PBMCs  in 
soldiers  who  developed  high  levels  of  PTSD  symptoms  after 
deployment*  In  the  current  analysis  it  was  demonstrated 
that  the  differences  in  the  peripheral  GC-sensitivity  per¬ 
sisted  until  at  least  6  months  after  return  from  combat. 
This  could  indicate  that  in  vitro  GC-sensitivity  of  T-cells  and 


monocytes  represents  a  persistent  biological  vulnerability 
factor  for  development  of  PTSD.  The  third  paper,  by  Rei j  - 
nen  et  al.  added  evidence  for  a  role  of  the  Hypothalamic 
Pituitary  Gonadal  (HPG)  axis  for  the  development  of  PTSD. 
The  HPG  axis  parameter  testosterone  was  analyzed  in  the 
total  sample  of  deployed  soldiers*  Pre-deployment  testos¬ 
terone  levels  predicted  the  development  of  PTSD  symptoms 
at  1  and  2  years  post-deployment,  with  alterations  in  testos¬ 
terone  levels  shortly  after  deployment  not  being  predictive, 
but  the  pre-deployment  testosterone  levels  at  longer  post¬ 
deployment  timeframes  being  associated  with  PTSD.  Lastly* 
Smid  et  al*  followed  up  on  earlier  work  on  the  model  of  stress 
sensitization  that  was  previously  vatidated  in  the  PRiSMO 
cohort  (SmidetaL,  2013)*  Especially  in  high  combat  exposed 
soldiers  in  the  first  6  months  after  combat  a  higher  T-cell 
chemokine  production  was  associated  with  increases  in  PTSD 
symptoms*  An  interesting  interaction  between  cytokines  and 
stressful  life  effects  at  homecoming  was  associated  with 
changes  in  PTSD  symptoms*  As  mitogen-induced  cytokine 
and  chemokine  production  constitute  markers  of  stress  sen¬ 
sitization  this  finding  may  imply  that  efforts  to  prevent 
progression  of  post  traumatic  distress  should  aim  at  creating 
a  'comfort  zone1,  by  keeping  the  highly  exposed  veter¬ 
ans  in  the  first  couple  of  months  after  homecoming  safe, 
away  from  unnecessary  stressors*  thus  preventing  stress 
sensitization* 

In  the  only  predinical  paper  Rutten  et  al.  studied  the 
effects  of  10  days  of  social  defeat  stress  on  behavior  and 
Dnmt3a  expression  in  relation  to  neurogenesis  in  the  mouse 
hippocampus.  Mice  resilient  to  defeat  stress  show  higher 
Dnmt3  expression  compared  to  controls  (non-defeat)  as  well 
as  to  susceptible  groups*  It  is  known  that  epigenetic  mod 
ifications,  such  as  DNA  methylation*  can  occur  in  response 
to  environmental  influences  to  alter  the  functional  expres¬ 
sion  of  genes*  This  study  adds  predinical  evidence  of  the 
role  of  DNA  methylation  in  susceptibility  to  severe  stressors. 
These  findings  provide  a  pre-cllnical  scientific  foundation 
for  the  assessment  of  the  impact  of  trauma  exposure  on 
DNA  methylation  e*g.  in  prospectively  followed  military 
cohorts. 

Two  additional  papers  used  a  cross-sectional  approach. 
In  a  search  for  the  relation  between  inflammatory  mark¬ 
ers  and  brain  integrity  O’Donovan  et  al*  looked  at  a  large 
cohort  of  Gulf  war  veterans  for  associations  between  periph¬ 
eral  inflammatory  markers  and  brain  integrity,  in  particular 
hippocampal  volume.  Specific  inflammatory  signaling  pro¬ 
teins  (sTNF-RII,  but  not  IL-6)  were  significantly  associated 
with  reduced  hippocampal  volume  and  PTSD  symptoms*  In 
a  small  sample  Yehuda  et  aL  presented  results  of  a  new 
developing  method  of  DTI  tractography  data  from  20  Gulf 
War  veterans*  Their  observations  are  consistent  with  a  func¬ 
tional  model  that  converges  on  the  concept  of  increased 
amygdala  responsivlty  in  association  with  anterior  cingulate 
modulation  in  PTSD* 

Another  set  of  two  papers  focuses  on  the  endocannabi- 
noid  system*  It  is  only  recently  that  researchers  embrace 
the  old  notion  that  cannabis  has  qualities  that  are  favored 
by  PTSD  patients*  Neumeister  et  al*  reviewed  translational 
evidence  for  a  role  of  endocannabinoids  in  the  etiology  and 
treatment  of  PTSD*  Multiple  studies  are  reviewed  that  report 
reduced  endocannabinoid  availability  and  elevated  cannabi- 
noid  type  1  (CB1 )  receptor  availability  in  PTSD  and  its  link 
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to  abnormal  threat  processing  and  anxious  arousal  symp¬ 
toms.  This  study  lays  the  foundation  fora  mechanism -based 
pharmacotherapy  approach  by  Jetly  et  al*  This  group  con¬ 
ducted  a  small  randomized  clinical  trial  (RCT)  with  a  double 
placebo  controlled  cross-over  design  in  a  Canadian  military 
personal  suffering  from  PTSD.  In  a  brief  report  they  demon¬ 
strated  good  efficacy  for  Nabilone*  specifically  for  trauma 
related  nightmares,  thus  adding  support  for  the  potential 
use  of  synthetic  cannabinoids. 

As  the  last  paper  in  this  special  section,  Yehuda  et  al. 
employed  the  model  of  exposure  based  'golden  hour* 
opportunities  (Vermetten  et  at,  2014b)  by  augmenting  psy¬ 
chological  treatment  with  medication  in  veterans  with  PTSD, 
They  performed  a  highly  important  pilot  study  investigating 
the  potential  therapeutic  benefit  of  hydrocortisone  augmen¬ 
tation  of  prolonged  exposure  therapy  for  combat  veterans 
with  PTSD.  Hydrocortisone  augmentation  was  associated 
with  greater  reduction  in  total  PTSO  symptoms  compared 
to  placebo.  Moreover,  the  biological  data  demonstrated  an 
impressive  correlation  between  glucocorticoid  sensitivity 
and  CAPS  total  score  in  hydrocortisone  recipients.  Their 
finding  of  a  significant  baseline  difference  in  glucocorticoid 
sensitivity  between  responders  and  non -responders  is  also 
very  relevant  for  future  investigations  into  the  fundamental 
neurobiological  mechanisms  underlying  the  pathophysiology 
of  PTSD. 

3.  Promises 

As  the  papers  illustrate  there  has  been  an  enormous  effort 
to  capture  risk  and  resilience  factors,  as  well  as  to  iden¬ 
tify  biomarkers  of  expressed  illness.  Various  Departments 
of  Defense  (DOD)  around  the  world  have,  and  continue  to 
invest  significant  resources  to  augment  force  protection 
and  security  by  seeking  methods  to  optimize  prevention 
and  treatment  strategies  for  behavioral  and  mental  health 
problems.  We  are  grateful  for  the  military  leadership  in 
their  foresight  and  support  of  this  research  that  enables 
a  wide  range  of  researchers  across  the  globe  to  collabo¬ 
rate  and  to  move  the  field  forward.  Given  the  similarities 
in  deployment-related  mental  health  support  across  nations 
(Vermetten  et  al..  2014a),  collaborative  efforts  can  be 
entertained  that  can  enable  both  replication  as  well  as  vali¬ 
dation  of  biomarker  findings.  We  are  grateful  for  so  much 
support  in  organizing  this  satellite,  dissemination  of  this 
research  and  promoting  that  these  efforts  are  sustained* 
Lastly,  a  special  thanks  to  all  the  reviewers  for  this  spe¬ 
cial  section*  We  are  advancing  rapidly,  but  these  efforts  will 
need  to  be  sustained  over  the  next  decades  as  we  consoli¬ 
date  knowledge  in  the  field* 
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Association  of  Predeployment  Heart  Rate  Variability 
With  Risk  of  Postdeployment  Posttraumatic  Stress  Disorder 
in  Active-Duty  Marines 
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IMPORTANCE  Disrupted  autonomic  nervous  system  functioning  as  measured  by  heart  rate 
variability  (HRV)  has  been  associated  with  posttraumatic  stress  disorder  (PTSD),  It  is  not  clear, 
however,  whether  reduced  HRV  before  trauma  exposure  contributes  to  the  risk  for 
development  of  PTSD. 
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objective  To  examine  whether  HRV  before  combat  deployment  is  associated  with  increased 
risk  of  a  PTSD  diagnosis  after  deployment  when  accounting  for  deployment- related  combat 
exposure. 


DESIGN,  SETTING.  AND  PARTICIPANTS  Between  July  14, 2008,  and  May  24, 2012,  active-duty 
Marines  were  assessed  l  to  2  months  before  a  combat  deployment  and  again  4  to  6  months 
after  their  return.  The  first  phase  of  the  Marine  Resiliency  Study  (MRS-1)  included  1415  male 
Marines,  59  of  whom  developed  PTSD  after  deployment.  Participants  in  the  second  phase  of 
the  Marine  Resiliency  Study  (MRS- II)  included  745  mate  Marines.  25  of  whom  developed 
PTSD  after  deployment  Analysis  was  conducted  from  November  25, 2013,  to  April  16, 2015. 


main  OUTCOMES  and  MEASURES  Predepioyment  HRV  was  measured  via  finger 
photoplethysmography  during  a  5-minute  period  of  rest.  Frequency- do  main  measures  of 
HRV  were  generated.  Diagnosis  of  PTSD  was  determined  using  the  Clinician-Administered 
PTSD  Scale. 


results  After  accounting  for  deployment -related  combat  exposure,  lower  HRV  before 
deployment  as  measured  by  an  increased  low  frequency  (LF)  to  high  frequency  (HF)  ratio  of 
HRV  was  associated  with  risk  of  PTSD  diagnosis  after  deployment  (combined  MRS-1  and 
MRS -II  cohort  meta-analysis  odds  ratio,  1.47;  95%  Cl,  1.10-1,98,  P  =  ,01).  The  prevalence  of 
postdeployment  PTSD  was  higher  In  participants  with  high  p redeployment  LF  HF  ratios 
(15.8%  [6  of  38  participants])  compared  with  participants  who  did  not  have  high  LFrHF  ratios 
(3,7%  [78  of  2122  participants]). 

CQNCUJStONS  AND  RELEVANCE  This  prospective  longitudinal  study  provides  initial  and 
modest  evidence  that  an  altered  state  of  autonomic  nervous  system  functioning  contributes 
to  PTSD  vulnerability,  taking  into  account  other  key  risk  factors.  If  these  findings  are 
replicated,  interventions  that  change  autonomic  nervous  system  function  may  open  novel 
opportunities  for  prevention  and  treatment  of  PTSD. 
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PQsttraumatic stress  disorder  (PTSD)  is*  historically  and 
currently,  a  significant  public  health  problem  in  indi¬ 
viduals  deployed  to  war.  Lifetime  pre  valence  of  the  dis¬ 
order  is  approximately  19%  in  Vietnam-era  combat  veterans1 
and  13%  to  L5%  in  US  military  service  members  serving  in  T  Ins 
era's  conflicts  in  traq  and  Afghanistan h  ■  compared  with  the  8% 
genera]  prevalence  rate  of  PTSD  in  the  United  States. k  These 
differences  in  prevalence  rates  may  be  in  part  attributable  to 
variations  in  the  disorder's  diagnostic  criteria  or  how  it  is  as¬ 
sessed.  Regardless,  psychological  and  functional  conse¬ 
quences  of  PTSD  can  be  devastating  (eg,  high  suicide  rates" 
and  long  term  disability  with  substantial  impairment  in 
functioning*^}.  Furthermore,  PTSD  is  associated  with  several 
adverse  health  consequences.  * 

Heart  rate  variability  (URV)  is  the  quantitative  assessment 
of  variation  in  heartbeat  intervals  and  is  a  sensitive  index  of  au¬ 
tonomic  nervous  system  (ANS)  function.  'Heart  rate  is  modu¬ 
lated  by  both  the  parasympathetic  and  sympathetic  brandies 
of  the  ANS  via  influences  on  the  sinoatrial  node  pacemaker*1*1 
The  consistent  findings  of  reduced  HRV  in  PTSD  suggest  auto¬ 
nomic  inflexibility  due  to  sympathetic  overacti vi ty  and/or  para¬ 
sympathetic  insufficiency*™1  potentially  mediated  by  the 
presence  or  worsening  of  the  cardiovascular  problems  that  are 
common  in  tine  disorder.14  It  is  unclear  whether  autonomic  in 
flexibility  is  simply  reduced  during  active  PTSD  symptoms  or 
whether  abnormalities  can  also  be  detected  in  individuals  who 
areal  risk  for  PTSD.  In  other  words,  does  diminished  HRV  be¬ 
fore  trauma  increase  the  likelihood  of  stress  disorder  symp¬ 
toms  after  trauma?  Low  parasympathetic  control  of  sympa¬ 
thetic  output  could  reflect  an  at-risk  state  for  development  of 
stress  disorders  via  reduced  cortical  modulation  of  ANS  re¬ 
sponses  to  stress15  1 01  or,  alternatively,  could  be  a  traitlike  phe¬ 
nomenon  associated  with  decreased  resilience  to  stress.  Some 
evidence17  suggests  that  diminished  URV  immediately  after 
trauma  can  predict  development  of  PTSD;  however,  to  our 
knowledge,  1 IRV  before  trauma  has  not  been  tested*  Identify¬ 
ing  biotogy-based  markers  of  PTSD  susceptibility  will  enable  de¬ 
lineation  of  mechanisms  that  confer  susceptibility  to  the  long¬ 
term  efFects  of  trauma  and  inform  preventive  strategies. 

To  this  end,  we  tested  the  hypothesis  that  HRV  before 
trauma  is  associated  with  the  development  of  PTSD  in  a  large 
group  of  Marines  and  Sailors  after  their  return  from  deploy¬ 
ment  to  a  combat  zone.  Active-duty  Marines  i  n  the  Marine  Re¬ 
siliency  Stud  y  (MRS),  pr  eviously  described  by  our  group*13  Ja'*° 
were  evaluated  for  HRV  and  PTSD  symptoms  before  and  after 
deployment.  We|l)  reported  a  cross-sectional  association  be¬ 
fore  deployment  between  reduced  HRV  and  PTSD  in  the  MRS 
cohort.  In  the  present  study,  we  tested  our  hypothesis  that  low 
HRV  is  a  risk  factor  for  PTSD,  predicting  that  Marines  and  Sail¬ 
ors  who  developed  PTSD  after  deployment  would  exhibit  low 
HRV  before  deployment. 


Methods 

Participants 

Participants  were  active-duty  US  Marines  and  Sailors  tested  ap- 
proximatdy  1  month  before  deployment  to  Iraq  or  Afghani¬ 


stan  as  part  of  the  first  phase  of  the  MRS  (MRST),  a  prospective 
longitudinal  study  to  examine  markers  of  risk  and  resilience  to 
combat  stress.  The  participants  were  reassessed  approxi¬ 
mately  3  and  6  months  after  return  from  deployment*  The 
6- month  lime  frame  was  the  focus  of  the  present  study  in  an 
effort  to  assess  the  prolonged  PTSD  syndrome.  Four  infantry  bat¬ 
talions  were  tested  between  July  14,  2008*  and  May  24t  2012, 
at  1  of  2  bases  in  Southern  California.1*1  Additional  data  from  a 
smaller  cohort  (drawn  From  the  second  phase  of  the  MRS  [MRS- 
11])  were  analyzed  separately  owing  to  assessment  time  differ¬ 
ences  (assessments  1  week  before  deployment  and  4-5  months 
after  deployment,  with  the  final  evaluation  occurring  October 
10*  2013).  Studies  were  approved  by  the  institutional  review 
boards  of  the  Veteran's  Administration  San  Diego  Healthcare  Sys¬ 
tem;  the  University  of  California,  San  Diego;  and  the  Naval  Health 
Research  Center.  All  participants  provided  voluntary  written  in¬ 
formed  consent.  Data  analysis  was  conducted  between  Novem¬ 
ber  25, 2013,  and  April  16, 2015, 

All  active-duty  Marines  planning  to  deploy  with  their  units 
were  considered  for  study  inclusion*  Women  were  not  in¬ 
cluded  since  female  Marines  were  not  part  of  infantry  battal¬ 
ions  at  the  time  of  testing. 

Procedure 

All  participants  from  whom  blood  samples  were  drawn  re¬ 
ceived  a  nominal  financial  compensation*  The  predeployment 
test  battery  included  a  comprehensive  evaluation  of  demo¬ 
graphic  information,  history,  and  current  symptoms  with  re¬ 
spect  to  military  service;  drug,  alcohol*  and  tobacco  use;  psy¬ 
chiatric  conditions;  head  injuries;  and  psychological  trauma,11* 
Blood  samples  were  used  to  determine  genetic-based  ancestry 
information  {eMethods  in  the  Supplement  ).21  The  postdcploy- 
menl  test  battery  was  similar  in  duration  and  included  re- 
evaluation  of  symptoms  and  psychological  adjustment  as  well 
as  deployment -related  occurrence  of  traumatic  brai  n  injury. 

To  measure  HRV,  participants  were  seated  in  quiet  rooms 
and  a  finger  phot oplethysmograph  ([PPGj  Pasco  Scientific)  was 
placed  on  the  nail  of  the  right  fifth  finger.  The  PPG  is  an  opti¬ 
cal  technique  used  to  detect  beat- to-b eat  blood  volume  changes 
in  microvascular  tissue  and  was  sampled  at  1000  Hz  (eMethods 
in  the  Supplement)*1^  We  elected  to  use  a  5-minute  at-rest  PPG 
reading  because  this  method  offers  cost-effectiveness*  rapid 
implementation*  and  feasibility  for  screening  large  numbers 
of  people  compared  with  electrocardiogram  protocols.  How¬ 
ever,  PPG  is  limited  in  that  it  cannot  accurately  detect  respi¬ 
ration  rate  and  the  time  frame  is  not  adequate  to  measure  very 
low  frequency  components  of  the  spectral  band. 

Outcome  Measurements 

The  PPG  data  were  processed  to  generate  HRV  variables  using 
our  group's  published  methods.l£)  Frequency-domain  HRV 
measures  were  generated  per  the  recommendations  of  the  Task 
Force  of  the  European  Society  of  Cardiology  and  the  North 
American  Society  of  Pacing  and  Electrophysiology.-2  The  low- 
frequency  (IF)  and  high-frequency  (HF)  components  and  the 
LF;HF  ratio  were  examined  (eMethods  in  the  Supplement). 

The  Clinician -Administered  PTSD  Scale  (CA  PS)21  was  used 
to  determine  the  presence  of  a  PTSD  diagnosis  at  the  predc- 
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ployment  and  postdeployment  (6-month)  visits.  The  CAPS  is 
a  structured  interview  and  is  considered  the  criterion  stan¬ 
dard  for  ascertainment  of  a  PTSD  diagnosis  using  DSM-/V  en¬ 
ter  ia~  Using  CAPS  responses,  we  categorized  participants  as 
either  not  meeting  or  meeting  criteria  for  PTSD  at  each  of  the 

2  time  points.  Criteria  were  derived  from  the  DSM-1V:  at  least 
1  B  symptom  (traumatic  event  is  persistently  reexperienced), 

3  C  symptoms  (persistent  avoidance  of  trauma-associated 
stimuli  and  numbing  of  general  responsiveness),  and  2  D  symp¬ 
toms  (persistent  arousal  symptoms).  Because  we  used  a  DSM-5 
diagnosis  approach  with  the  CAPS,  there  was  not  a  quantita¬ 
tive  criterion  for  a  minimum  CAPS  score.  The  range  of  CAPS 
scores  for  participants  who  met  criteria  for  PTSD  was  28  to 
96;  the  mean  (SD)  score  was  61.91  (16.07). 

Statistical  Analysis 

The  LF,  HF,  and  LF:HF  ratio  were  positively  skewed  and  natu¬ 
ral  log  transformations  were  generated;  such  transforma¬ 
tions  are  widely  used  in  HRV  research.1  n,2j,  S7 After  transfor¬ 
mation.  outliers  greater  than  3  SDs  from  the  mean  were 
excluded  from  subsequent  data  analyses,2®  and  data  were  re¬ 
inspected  for  normal  distribution. 

To  assess  the  relationship  between  IIRV  before  deploy¬ 
ment  and  PTSD  at  the  postdeployment  visit,  multivariate  lo¬ 
gistic  regressions  were  conducted  for  each  of  the  3  HRV  vari¬ 
ables  for  the  MRS- land  MRS -II  cohorts. The  outcome  variable 
was  3  comparison  of  participants  who  did  not  meet  criteria  for 
PTSD  either  be  fore  or  after  deployment  with  participants  who 
did  not  meet  PTSD  criteria  before  deployment  but  fulfilled  di- 
agnostic  criteria  for  the  disorder  alter  deployment.  A  sum¬ 
mary  measure  of  combat  exposure  and  deployment-related 
stressors  was  included  as  a  covariale  in  the  regression  model 
since  this  factor  is  the  strongest  causal  predictor  of  combat- 
related  PTSD.  This  factor  was  derived  from  the  Deployment 
Risk  and  Resilience  Inventory  (DRR1)/1'  Four  DRRI  subscales 
were  combined  into  1  composite  score  to  measure  deploy¬ 
ment  stressors;  Combat  Experiences,  Aftermath  of  Batlle,  De¬ 
ployment  Concerns  About  Life  and  Family  Disruptions,  and  the 
Difficulty  Living  and  Working  Environments  (eMethods  in  the 
Supplement). 

The  MRS-I  and  MRS-  II  analyses  were  next  subjected  to  a 
fixed-effect  meta-analysis  to  generate  an  overall  effect  size. 
Power  to  detect  a  significant  effect  was  calculated  using  the  a 
priori  power  analysis  method  within  the  logistic  regression 
module  of  Grower,  version  3J.9.3iJ 

To  determine  whether  IIRV  remained  significant  In  the  re¬ 
gression  model  when  accounting  for  other  variables  lhat  have 
been  closely  associated  with  HRV  and/or  PTSD  in  our19  and 
others1 11,13(11  findings,  the  HRV  variable  that  achieved  signifi¬ 
cance  in  the  primary  regressions  was  reassessed  in  an  addi¬ 
tional  multivariate  logistic  regression  controlling  for  the  fol¬ 
lowing  co  variates;  age.  ancestry,  battalion,  CAPS  total  scores 
att  he  predeployment  visit.,  deployment- related  trauma  tic  brain 
injur  y  as  defined  by  a  self-report  of  a  new  head  injury  sus¬ 
tained  during  deployment  that  was  accompanied  by  either  a 
loss  of  consciousness  or  altered  mental  status,  and  DRRI  scores. 

Post  hoc  correlations  between  HRV  variables  and  clinical 
variables  were  conducted  using  Pearson  i?  correlation  coeffi- 

jamapsycJilatry.com 


Figure  1.  Marine  Resiliency  Study  (MRS)-I  and  MRS-II  Participant  Flow 
Diagrams 
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HRV  indicates  heart  rate  variability:  PTSD,  posttrau malic: stress  disorder. 


dents.  A  substantial  proportion  of  participants  (464  of  2160 
[21*5%])  had  a  CAPS  total  score  of  zero  at  the  postdeployment 
visit.  Those  participants'  data  were  not  included  in  the  corre¬ 
lational  analysis. 

Significance  levels  were  set  at  p  <  .02  (x2  analysis)  for  the 
primary  regressions  to  account  for  multiple  comparisons  (3 
HRV  variables).  Significance  levels  for  the  follow-up  regres¬ 
sion  using  the  single  HRV  variable  were  set  at  P  <  .05.  EffecL 
sizes  were  calculated  when  relevant  (eg,  odds  ratios  [ORs]  for 
regression  analyses).  Statistical  analyses  were  conducted  with 
SPSS,  version  20  (SPSS  Inc),  and  J?<  version  2.15.3  (R  Founda¬ 
tion  for  Statistical  Computing). 


Results 

The  overall  demographic  composition  of  Marines  and  Sailors 
in  the  MRS  has  been  reported.*0  Overall,  the  analyses  sug¬ 

gested  that  lower  HRV  at  the  predeployment  visit,  as  mea¬ 
sured  by  higher  values  of  the  LF:HF  ratio,  was  associated  with 
increased  risk  of  a  PTSD  diagnosis  at  the  postdeploy  ment  visit. 
Participants  with  high  LF:HF  ratios  at  the  predeployment  visit 
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Table  T  Demographic  and  Descriptive  Information  for  Participants  in  the  MRS 

Characteristic 

MRS 

Phase 

Mean  (SD)  [No.  3 

Statistical  Value 

MRS-1,  Ko 

MRS-II,  No. 

Age,  y 

I 

1415 

745 

22,4  (3,5) 

Mann-Whitney  = 

Ancestry,  No.  (°£) 

II 

1 

23.9(2,8) 

European  American,  903  (63.E) 

487  320.50;  P  =  .002 

XJ  =  1.30;P  =  .62 

Prior  deployment.  No.  (%} 

II 

1 

African  American,  S3  (5.9) 

Hispanic/Native  American,  253  (17,9) 
Asian/other,  176(12,4) 

European  American,  479  (64.3) 

African  American,  39  <5.2) 
Hispanic/NaliveAmerican,  145  (19  5) 
Asian/other,  82  (1 1.0) 

570  (40.3) 

21,76;P<  .001 

Time  in  the  military  before 

II 

1 

379  (50.9) 

31.6(35.1) 

Mann-WhiLney  = 

deployment,  mo 

II 

29,4  (25.5) 

522  321.50;  P  -  .61 

AUDIT  total  score  before 

1 

7,4  (6.6) 

Mann-Whitney  = 

deployment 

II 

6,9  (5.5) 

520  056*50;  P  =  .92 

Hours  since  caffeine  use 

1 

6,4  (6,3)  (799) 

Mann-Whitney  = 

before  deployment  ' 

II 

7,S  (7,2)  [4571 

164  654.00,  P  =  ,004 

Hours  since  nicotine  use 

1 

3.1  (3.S)  [6541 

Mann-Whitney  - 

before  deployment1 

II 

4,0  (4*5)  [396] 

113  119.50,  P<  .001 

CAPS  total  score 

Before  deployment 

1 

13.0(12,0) 

Mann-Whilney  = 

After  deployment 

II 

1 

1U  (103) 

14,6  (16.4) 

480  851. SO;  P  *  001 

Mann-Whitney  = 

Sustained  TBl  during 

II 

1 

15,3(15*7) 

274  (19.4) 

503  461,00;  P  -  .05 

XJ  =  0.07;P  =  .82 

deployment.  No.  {%) 

II 

148(19  9) 

DRRI  composite  Imputed 

1 

-0,09  (0.79) 

Mann- Whitney  = 

score  after  deployment* 

II 

0,01  (0.77) 

481  285.00;  P<  ,001 

Abbreviations:  AUDIT,  Alcohol  Lise 
Disorders  Identification  Test; 

CAPS.  Clinician  Administered  PTSD 
Scale:  DRR1.  Deployment  Risk  and 
Resilience  Inventory,  MRS.  Marine 
Resiliency  Study.  PTSD. 
posttraumatic  stress  disorder. 

TBl,  traumatic  brain  injury. 

J  Calculated  only  in  participants  who 
self  reported  use  of  t  his  su  bstance 
within  24  hours, 
b  Imputed  composite  score  as 
described  in  theeMethods  in  the 
Supplement. 


Table  2,  Parameter  Estimates  for  Multivariate  Logistic  Regressions  Including  the  LF:HF  Ratio  in  Predicting  PTSD  After  Deployment 


MRS- 11 _  MR5-1F _  Meta -analysis 


Characteristic 

OR  (95%  Cl) 

Wald  f 

P  Value 

OR  (95ft  Cl) 

Wald  XJ 

P  Value 

OR  (95ft  Cl) 

Waid 

P  Value 

DRRI  after  deployment 

2.95  (2.15-4,09) 

43.39 

001 

255  (1.50-4.43) 

1 1*59 

*001 

2.84  (2,15-3.74) 

54,75 

c.001 

LF  IlFrabV 

1.63(1*14-2.34) 

7*07 

,008 

1,20(0 72-2,03) 

0.4S 

SO 

1.47  (J  .10-1*98) 

6*60 

,01 

Abbreviations:  ORRI,  Deployment  Risk  and  Resilience  Inventory,  LF.Hf, 
low’ frequency  to  high’ frequency  ratio;  MRS.  Marine  Resiliency  Study;  OR,  odds 
ratio,  PTSD,  posttraumatic  stress  disorder, 

J  The  MRS- 1  cohort  included  1356  participants  without  PTSD  before  and  after 
deployment  and  59  individuals  with  PTSD  after  deployment 


11  The  MRS- 1 1  cohort  Included  720  participants  without  PTSD  before  and  after 
deployment  and  25  individuals  wrth  PTSD  after  deployment. 

'  The  LF:HF  ratio  was  log  transformed. 


had  a  higher  prevalence  of  PTSD  after  deployment  than  did  par¬ 
ticipants  with  low  p  redeployment  LF:HF  ratios.  Figure  1  pre¬ 
sents  the  How  of  participants  in  both  cohorts*  Of  the  14 15  par¬ 
ticipants  in  MRS-1, 1356  individuals  (95.8%)  who  had  valid  I  I RV 
data  at  the  predeployment  visit  and  also  attended  the  6-month 
postdeploy  men  t  visit  did  not  meet  PTSD  criteria  at  either  visit, 
and  59  participants  did  not  meet  criteria  for  PTSD  before  de¬ 
ploy  ment  but  met  ihe  criteria  after  being  deployed  (4.2%  preva¬ 
lence  of  postdeploy ment  PTSD),  tn  the  MRS-11  cohort  of  745 
participants,  720  individuals  (96*6%)  did  not  meet  PTSD  cri¬ 
teria  at  either  visit*  and  25  participants  met  the  criteria  for  PTSD 
after  deployment  (3,4%  prevalence  of  postdeployment  PTSD). 


Demographic,  military  service,  and  clinical  data  comparing 
MRS-1  and  MRS- II  are  found  in  Table  1.  Compared  w  ith  MR5-I 
participants,  those  of  the  MRS-11  cohort  were  younger,  with 
lower  pred  eploymen  t  CAPS  scores,  a  higher  prevalence  of  prior 
deployment,  more  time  elapsed  since  the  use  of  nicotine  and 
caffeine,  and  a  higher  self-report  of  deploy  mem -related  stress 
(higher  DR  HI  scores)* 

In  MRS-1  participants,  the  log -transformed  LFdTF  ratio  was 
significantly  associated  with  membership  in  the  PTSD  group 
such  that  higher  LFiHF  ratios  at  the  predeployment  visit  were 
associated  with  new  PTSD  cases  after  deployment  (OR,  1.63; 
95%  Cb  1,14-234:  P  -  ,008)  (Table  2)  (analyses  of  shrinkage  and 
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performance  of  the  regression  model  are  in  theeMethods  in  the 
Supplement).  Neither  the  I  og-  Iran  stormed  LF  (OR,  L2B;  95% 
CL  0,92-1 .73;  P  =  ,21)  nor  HF  {OR,  a9l;95%Cl, 0.68-1.15;  P  =  .54) 
achieved  statistical  significance  in  the  logistic  regressions. 
Regression  with  the  log- transformed  LF: HF  ratio  was  re¬ 
peated  in  MRS-II  participants.  In  that  analysis,  the  LF:HF 
ratio  was  not  statistically  significant  (OR,  L2G;  95%  Cl,  0.72- 
2.03;  F  ’  .50)  (Table  2),  Power  to  delect  a  significant  effect  in 
the  MRS-II  cohort  was  then  calculated.  Parameters  used  were 
the  observed  OR  (L63)  of  the  LFiHF  ratio  in  MR5-L  observed 
mean  (SD)  of  theLFdlF  ratio  in  MRS-I  (036  [0.771),  no  corre¬ 
lation  between  the  LFdJF  ratio  and  other  covariatcs,  and  a  5% 
probability  of  PTSD  under  the  null  hypothesis  of  no  effect  of 
the  LF:HF  ratio.  Power  calculations  suggested  that  964  par¬ 
ticipants  would  have  been  required  in  MRS-R  to  achieve  80% 


Figure  2,  Percentage  of  Marine  Resiliency  Study  Participants  With  Low 
(n =2122)  vs  High  (n=38)  Predeployment  Low-Frequency  to  High- 
Frequency  (LF:HF)  Ratios  and  Postdeployment  Posttraumatic  Stress 
Disorder  (PTSD) 


0  Prt  rj  o  | !  I  uy  n  n  t 

i  rnr  ratio 

nFtstieplayirtEQi 
IFHF  ratio  ^,7 


pDiilkionloymenl  Diagnosis 


TheLFrHF  ratios  were  back  transformed  from  natural  log  i  reformations. 
Ratios  greater  than  6  7  represent  values  greater  than  2  SDs  from  the  grand 
mean  Xj  analysis  was  used. 


power  to  detect  an  effect  of  the  magn  itude  observed  in  MRS  - 1 
at  P  =  ,05.  However,  a  meta-analysis  of  the  weighted  p  values 
For  the  LF:HF  ratio  regression  from  both  the  MRS-I  (OR.  L63; 
95%  CL  1,14-234)  and  MRS-11  (OR,  130;  95%  CL  0.72-2,03) 
samples  indicated  that  the  LF:HF  ratio  was  a  statistically  sig¬ 
nificant  predictor  of  PTSD  (ORt  1  +47;95%  CL  UCM.98;z  *  2.57; 
P  -  .01)  (Table  2).  Figure  2  illustrates  that  the  prevalence  of 
postdeploy  merit  PTSD  was  higher  in  MRS-1  and  MRS- 11  par¬ 
ticipants  with  high  (>2  SDs above  the  mean)  predeployment 
LF;HF  ratios  (15.8%  [6 of 38  participants])  compared  with  par¬ 
ticipants  who  did  not  have  high  LF:HF  ratios  (3.7%  [78  or 2122 
participants]). 

When  all  covariates  were  accounted  for  in  the  multivari¬ 
ate  logistic  regression  analyses  for  MRS-T  participants,  the  log- 
transformed  LF:HF  ratio  retained  statistical  significance  as  a 
predictor  of  PTSD  group  (OR,  1.57;  95%  CL  1 .04  -2.37;  F  =  ,03). 
Parameter  estimates  of  this  regression  are  reported  in  Table  3. 

The  multi va riate regression  model  with  the  log- transformed 
LF:HF  ratio  was  repeated  in  MRSdi  participants.  The  LF:  HF  ra¬ 
tio  was  not  statistically  significant,  but  the  meta-analysis  of 
weighted  ft  values  for  the  MRS-1  and  MR5-T1  groups  indicated 
that  the  LF:HF  ratio  was  a  statistically  significant  predictor  of 
PTSD  development  (OR,  1.42;  95%  Cl,  1,023,98;  z  =  2.05;  P  = 
.04)  (Table 3).  Additional  exploratory  multivariate  logistic  re¬ 
gressions  with  the  LF:HF  ratio  and  each  covariate  in  predicting 
PTSD  in  MRS-I  and  MRS-II  participants  are  presented  in  the 
eTable  in  the  Supplement. 

Although  some  con  el  at  ions  between  predeploymeni  log- 
transformed  LF  and  HF  and  postdeployment  CAPS  scores 
reached  orappronched  statistical  significance  owing  to  the  large 
sample  size,  the  variance  in  symptom  severity  predicted  by 
HRV  was  low  (LF  correlations  with  total  CAPS:  Pearson 
r  =  -0,06T  P  -  .03;  CAPS  Avoidance-Numbing;  Pearson 
r  ■=  -0.07,  P  -  .02;  and  CAES  Arousal:  Pearson  r  =  -0.07,  P  -  .02; 
HF  correlations  with  CAPS  Avoidance- Numbing:  Pearson 
r  =  -0.08,  F  =  ,01  and  CAPS  Arousal:  Pearson  r  =  -0.06, 
F  -  .04).  Post  hoc  correlations  between  HRV  and  other  vari¬ 
ables  are  presented  in  the  eMaterial  in  the  Supplement. 


Table  3.  Parameter  Estimates  for  Multivariate  Logistic  Regressions  Including  the  LF:HF  Ratio  and  Additional  Covariates  in  Predicting  PTSD 
After  Deployment 


MRS-14 _  MRS-lP _  Meta-analysis 


Characteristics 

OR  (95^  Cl) 

Wald  xJ 

P  Value 

OR  (95%  Cl) 

Wald  xJ 

P  Value 

OR  (95%  Cl) 

Wald  xJ 

P  Value 

Deployment-related  TBI 

2m  (1,42-6.03) 

847 

,004 

4.67  (1.92-11  40) 

11.43 

.001 

3.52  (2.01-647) 

1930 

<001 

DRRI  after  deployment 

237  (1.41-3,39) 

10.53 

.001 

1.82  (0  99-3.32) 

3.77 

.05 

2.12(1.43-3.14) 

13.87 

,001 

LF:HF  ratio' 

1  57  (1.04-237) 

4.52 

,03 

1.18(0.67-2.06) 

0,33 

.57 

1.42  (1.02-1.98) 

4.21 

.04 

Predepioyment  CAPS  score 

1  04  (I.G2-1.0G) 

15.01 

<001 

1.05  (1.02-1.08) 

9.49 

.002 

1.05(1.03-1.06) 

24.40 

<.001 

Ancestry*1 

NA 

2.16 

.54 

1.67 

.64 

NA 

NA 

NA 

Battalion3 

NA 

2.04 

.56 

0.80  (0.32-1.99) 

0.23 

.63 

NA 

NA 

NA 

Age 

0,95  (0,43-1.07) 

0.63 

.43 

0.92  (0.76-1.13) 

0.63 

.43 

0.94  (0.85-1.05) 

L18 

.28 

Abbreviations:  CAPS.  Clinician- Administered  PTSD  Scale.  DRRI.  Deployment 
Risk  and  Resilience  inventory.  LpHF,  low-frequency  to  high-frequency  ratio; 
MRS,  Marine  Resiliency  Study.  NA,  not  applicable;  OR,  odds  ratio: 

PTSD.  oosttraumalic  stress  disorder:  TBI,  traumatic  brain  Injury. 

■'  Pie  MR5-f  cohort  included  1237  participants  without  PTSD  before  arid  after 
deployment  and  44  individuals  with  PTSD  after  deployment  Some  MRS  I 
participants  were  missing  a  full  set  of  data  for  all  covariates. 


L1  The  MRS- 1 1  cohort  included  720  participants  without  PTSD  before  and  after 
deployment  and  25  individuals  with  PTSD  after  deployment, 

<  The  LF.HF  ratio  was  log  transformed. 

0  These  variables  included  multiple  levels  (except  for  the  MRS  II  battalion,  with 
2  levels),  and  the  significance  levels  refer  to  an  overall  effect 
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Discussion 

Previous  cross- section  a]  studies1  M1r  1,11  repeatedly  showed  that 
lower  HRV,  thought  to  reflect  inflexibility  in  the  ANS  re¬ 
sponse,  is  associated  with  PTSD.  To  our  knowledge,  the  pres¬ 
ent  study  is  the  First  large-scale  report  of  a  modest  assoda 
tion  between  HRV  before  a  potentially  traumatic  drcumstance 
fin  this  case,  combat  exposure)  and  subsequent  development 
of  PTSD.  The  association  was  not  observed  when  examining 
HRV  variables  Lhat  putatively  isolate  sympathetic  and  para¬ 
sympathetic  components,  in  contrast  to  previous  findings  of 
an  association  between  lower  predeployment  HP  and  p rede¬ 
ployment  PTSD  in  this  MRS  sample.14  Although  those  resulLs 
suggested  that,  in  this  cohort  of  Marines,  existing  or  chronic 
PTSD  was  most  strongly  associated  with  reduced  parasympa¬ 
thetic  activity,  our  present  findings  imply  a  role  for  pie- 
trauma  sympathetic  activation  (relative  to  parasympathetic  ae 
tivity)jn  influencing  future  vulnerability  to  significant  t  rauma 
symptoms  after  combat  exposure- related  deployment.  We  did 
not  observe  meaningful  correlations  between  HRV  measures 
and  symptom  severity.  Heart  rate  variability  may  not  neces¬ 
sarily  be  associated  with  incremental  changes  in  the  severity 
of  PTSD  symptoms  but  may  be  a  factor  in  or  a  harbinger  for 
the  development  of  the  full  syndrome  and  its  associated  ad¬ 
verse  functional  consequences. 

The  origin  of  the  lower  J 1 RV  observed  in  participants  who 
eventually  developed  PTSD  is  unknown,  A  recent  twin  study1 1 
suggested  that  lower  HRV  is  not  found  in  the  unaffected  twin 
of  veterans  with  PTSD  and  lhat  low  1  tRV  is  normalized  with  re 
mission  of  PTSD  symptoms.  Taken  together  with  the  present 
results,  low  HRV  may  reflect  an  at- risk  state  rather  than  a  trait. 
Low  HRV  may  reflect  the  effects  of  environmental  factors,  per¬ 
haps  recent,  that  increase  PTSD  risk.  For  example,  a  height¬ 
ened  stress  response  may  contribute  to  the  low  HRV  observed 
in  the  group  that  eventually  developed  PTSD  since  sensitivity 
to  anxiety  has  been  suggested  as  a  PTSD  vulnerability  factor, 11 
Deployment  history  was  similar  across  groups,  and  this  factor 
has  not  been  strongly  associated  with  HRV  in  past  studies.11  Nev¬ 
ertheless,  it  is  possible  that  the  FT3D  risk  group  was  exposed 
to  more  intense  combat  in  previous  deployments,  or  they  may 
have  experienced  other  adverse  events  that  rendered  them  at 
greater  risk  for  eventual  development  of  PTSD.  The  results  sug¬ 
gest  that  exposure  to  a  combat- related  deployment  may  not  sub¬ 
stantially  affect  ANS  function  For  all  military  personnel;  Talhei, 
there  may  be  individuals  who  are  particularly  vulnerable  to  t  lie 
serious  psychological  consequences  of  trauma.  Resilience  and 
vulnerability  to  PTSD  are  complex  and  multifactorial 
phenomena1 1  that  include  genetic  inheritance  risk  factors,1* lfi 
preexisting  cognitive  and  psychological  features,17  lifetime 
trauma  exposure  especially  early  in  childhood,28  and  perhaps 
also  perturbations  in  ANS  regulation.  A  recent  review16  posits 
that  lower  HRV  may  constitute  a  vulnerability  factor  for  devel 
opment  of  PTSD,  perhaps  because  disrupted  ANS  function  re¬ 
flects  perturbed  cognitive  and  inhibitory  control  of  stress  re¬ 
sponse  systems.  Disruption  in  the  neuroendocrine  system  that 
governs  the  stress  response,  the  hypothalamic-pituitary- 
adrenal  axis,  may  influence  trauma  vulnerability  The  ANS  is 


thought  to  play  a  role  in  the  regulation  of  stress  responses  via 
inhibition  of  the  hypothalamic- pit uitary -adrenal  axis  by  the 
vagus.  1hFhtis,  relatively  increased  sympathetic  activation  may 
reflect  insufficient  inhibition  of  the  hypothalamic- pituitary- 
adienal  axis,  leading  to  dysregulaticm  of  stress  hormones  and 
disruption  of  a  normal  stress  response,  which  may  ultimately 
contribute  to  vulnerability  to  PTSD  following  a  traumatic  event. 
Assuming  that  low  HRV  is  associated  with  core  mechanisms  of 
PTSD  risk  and  is  not  an  epiphenomenon,  an  intriguing  issue  is 
whether  PTSD  risk  can  be  decreased  via  methods  intended  to 
improve  ANS  function,  such  as  biofeedback411  and  other 
interventions/1  ,p  For  example,  there  is  a  promising  role  for 
mindfulness-based  interventions,  particularly  meditation,  in  in¬ 
creasing  HRV.4*** 

The  present  study's  restriction  to  a  young  male  group  of 
US  military  personnel  limits  its  general  inability  to  other  PTSD 
populations.  As  oui group19  has  previously  suggested,  the  as¬ 
sociation  between  ANS  function  and  trauma  symptoms  prob¬ 
ably  depends  on  the  population  and  context  of  the  traumatic 
event.  Furthermore,  the  LF:HF  ratio,  although  widely  used,  has 
been  criticized  for  not  always  reflecting  a  robust  and  specific 
measure  of  sympathetic  to  parasympathetic  balance/6  par¬ 
ticularly  in  situations  when  respiration  is  not  accounted  for, 
as  in  the  presen L  study  (eg,  respiratory  sinusarrhythmia'17*18). 
The  assessment  of  many  Marines  in  short  time  frames 
rendered  a  brief  PPG  recording  tube  the  most  practical  method 
compared  with  longer  recordings  using  electrocardiographic 
I  loiter  monitors  plus  respiratory  bands.  Thus,  we  could  not  as¬ 
sess  to  what  extern  breathing  rates  may  have  moderated  HRV. 
No  significant  association  was  observed  between  post  deploy¬ 
ment  PTSD  and  other  predeployment  HRV  indices  (ie,  the  LF 
and  HF  components!;  a  small  sample  size  for  the  PTSD  group 
certainly  may  have  reduced  the  power  to  detect  these  poten¬ 
tial  associations.  The  MRS- 1  and  MRS  HI  cohorts  were  some* 
what  heterogeneous  (Table  l  and  Figure  1),  which  is  why  we 
conducted  a  meta-analysis  instead  or  simply  combining  the  2 
cohorts.  Although  the  LF:IIF  ratio  showed  a  similar  effect  size 
in  MRS- II ,  it  did  not  reach  statistical  significance  in  that  co¬ 
hort,  likely  owing  to  low  power.  Finally,  in  contrast  to  studies 
usi  ng  2  4  -  hou  I  Holler  m  on  i  to  ri  ng  record  i  ngs, 1  u  1  we  d  id  n  ot  ob¬ 
serve  a  linear  relationship  between  predeployment  HRV  and 
postdeployment  PTSD  symptoms.  Previous  studies11*13  dem¬ 
onstrated  cross-sectional-not  longitudinal -correlations  be¬ 
tween  HRV  indices  and  PTSD  symptoms,  in  the  present  study, 
a  5-minute  HRV  sample  may  have  been  insufficient  lo 
adequately  capture  an  association  between  this  relatively  non¬ 
specific  physiologic  measure  and  PTSD  symptoms  obtained 
more  than  1  year  later.  Integrated  analyses  of  HRV  with  other 
risk  factors  in  this  cohort  (eg.  markers  of  inflammation,  fear 
processing,  and  traumatic  brain  injury)  will  help  to  elucidate 
the  relative  usefulness  of  this  marker  for  predicting  PTSD  risk 
in  active-duty  military  members/8  ^1  tL'  13 


Conclusions 

This  investigation  provides  initial  longitudinal  evidence  that 
ANS  function  may  contribute  to  vulnerability  and  resilience 
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to  PTSD  along  with  known  risk  factors,  such  as  combat  ex- 
posura  and  preexisting  stress  and  trauma  symptoms.  If 
supported,  this  association  sheds  additional  light  on  the  in¬ 


terplay  between  complex  biological  systems  and  the  psycho 
logical  and  functional  consequences  of  trauma  and  may  pro 
vide  new  opportunities  for  prevention. 
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The  development  of  posLlraumaLic  stress  disorder  (PTSD)  is  influenced  by  genetic  factors,  Although  there  have  been  some  replicated 
candidates,  the  identification  of  nsk  variants  for  PTSD  has  lagged  behind  genetic  research  of  other  psychiatnc  disorders  such  as 
schizophrenia,  autism,  and  bipolar  disorder  Psychiatric  genetics  has  moved  beyond  examination  of  specific  candidate  genes  in  favor  of  the 
genome- wide  association  study  (GWA5)  strategy  of  very  large  numbers  of  samples,  which  allows  for  the  discovery  or  previously 
unsuspectec  genes  and  molecular  pathways.  The  successes  of  genetic  studies  of  schizophrenia  and  bipolar  disorder  have  been  aided  by  the 
formation  of  a  large-scale  GW  AS  consortium:  the  Psychiatric  Genomics  Consortium  (PGQ,  In  contrast,  only  a  handful  of  GW  AS  of  PTSD 
have  appeared  in  the  literature  lo  date  Hero  we  describe  Ihe  formation  of  a  group  dedicated  to  large-scale  study  of  PTSD  genetics:  the 
PGC -PTSD,  The  PGGPTSD  faces  challenges  related  to  the  contingency  on  trauma  exposure  and  the  large  degree  of  ancestral  genetic 
diversity  within  and  across  participating  studies.  Using  the  PGC  analysis  pipeline  supplemented  by  analyses  tailored  to  address  these 
challenges,  we  anticipate  that  our  first  large-scale  GWAS  or  PTSD  will  comprise  over  EG  000  eases  and  30  000  trauma -exposed  controls, 
Following  in  the  footsteps  of  our  PGC  forerunners,  this  collaboration — of  a  scope  that  is  unprecedented  in  the  field  of  traumatic 
stress— wilt  lead  the  search  for  replicable  genetic  associations  and  new  insights  into  the  biological  underpinnings  or  PTSD. 
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INTRODUCTION 

Posttraumatic  stress  disorder  (PTSD)  occurs  in  only  a 
minority  of  persons  exposed  to  traumatic  events  (Breslau 
ct  ai  1998;  Kessler  et  af  1995).  Factors  that  influence  PTSD 
susceptibility  include  sex,  age,  early  life  adversity,  the  nature* 
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and  timing  of  traumatic  event  exposure(s),  the  cumulative 
burden  of  tiiese  exposures,  as  well  as  various  other 
psychosocial  and  personality  factors  (Zokdz  and  Diamond, 
2013).  In  the  US,  race/ethnicity  impacts  the  rale,  type,  and 
age  at  traumatic-event  exposure,  as  well  as  the  risk  for 
development  of  PTSD  after  exposure  (Roberts  et  al ,  2011). 
Moreover,  some  events  are  more  pathogenic  than  others. 
Events  of  an  interpersonal  nature,  eg,  tape,  partner  violence, 
and  assault,  confer  greater  risk  of  developing  PTSD  than 
other  types  of  trauma,  eg,  natural  disasters  (Kessler  et  al 
1995),  Twin  studies  have  indicated  that  risk  of  exposure  to 
some  types  of  trauma  may  itself  be  heritable,  which  is  known 
as  a  gene-environment  correlation  {rGE)  effect.  Lyons  et  al 
(1993)  using  data  from  the  Vietnam  Era  Twin  Registry 
(Eisen  et  al  1987;  Goldberg  et  a! ,  1987),  found  that  the 
heri lability  of  combat  exposure  ranged  from  35  to  47%,  In 
civilians,  Stein  et  al.  (2002)  found  that  exposure  to 
interpersonal  traumatic  events  was  modestly  heritable 
(-20%).  The  rGE  for  trauma  exposure  appears  to  be  largely 
explained  by  genetic  influences  on  personality  (Afift  et  at, 
2010;  Jang  et  al  2003),  For  example,  sensation  seeking  is  a 
heritable  personality  trait  that  is  characterized  by  engaging  in 
behavior,  such  as  driving  at  high  speeds  (Zuckerman,  1994), 
which  may  increase  the  likelihood  of  trauma  exposure.  In 
addition,  the  risk  of  PTSD  following  trauma  exposure  is 
moderately  heritable,  even  after  controlling  for  the  genetic 
influences  on  trauma  exposure.  Twin  studies  established  that 
genetic  influences  explain  a  substantial  proportion  of 
vulnerability  to  PTSD,  from  -  30%  in  male  Vietnam  veterans 
(True  et  al  1993),  to  38%  in  a  sample  of  male  and  female 
civilians  (Stein  et  al  2002),  with  an  upward  heritability 
estimate  of  72%  in  young  women  (Sartor  et  al  2011),  This  is 
comparable  to  other  internalizing  disorders  such  as  major 
depressive  disorder  and  panic  disorder  (Kendter  and 
Prescott,  2007).  Furthermore,  genetic  influences  on  PTSD 
may  overlap  with  those  for  other  mental  disorders.  The 
genetic  influences  on  major  depressive  disorder  and  PTSD 
may  substantially  overlap  (Fu  et  al  2007;  Koenen  ef  al  2007; 
Sartor  et  al  2012).  Phenotypes  like  alcohol  and  drug 
dependence  (Sartor  ef  al,  201 1;  Xian  et  al  2000)  and  nicotine 
dependence  (Koenen  et  al  2005)  share  -40%  genetic  risk 
with  PTSD.  Genetic  influences  common  to  generalized 
anxiety  disorder  and  panic  disorder  symptoms  account  for 
-  60%  of  the  genetic  variance  in  PTSD  (Chantarujikapong 
et  al  2001). 

The  search  for  genetic  markers  of  PTSD  is  a  relatively  new 
endeavor,  with  the  majority  of  studies  conducted  within  the 
last  decade.  These  investigations  involve  genotyping  (mea¬ 
suring  variation  al)  a  particular  location  along  the  genome. 
Individuals'  particular  genetic  code  (genotype)*  al  a  location 
(locus)  is  then  compared  for  a  sample  of  cases  and  controls. 
Most  research  to  date  has  employed  the  candidate-gene 
approach,  in  which  genes  are  selected  for  study  based  on 
their  theorized  involvement  in  biological  pathways  impli¬ 
cated  in  the  pathophysiology  of  PTSD,  Given  that  PTSD  lias 
historically  been  conceptualized  as  a  disorder  of  pathological 
fear  and  stress  (Wilker  and  Rolassa,  2013),  most  studies  have 
focused  on  candidate  genes  involved  in  biological  systems 
associated  with  the  fear  response,  including  the  hypotha- 
kmic-pi  ttirtary-ad  renal  axis  (eg,  FKBP5 ,  CRHRt)  and  ihe 
locus  coeruleus- noradrenergic  system  (eg,  COMT,  ADRB1 , 
and  ADRB2),  Additional  work  has  examined  serotonergic 


and  dopaminergic  systems  involved  in  the  neural  pathways 
underlying  emotion  (eg,  SLC6A4,  SLC6A3),  and  systems 
involved  in  memory  consolidation  and  stabilization  (eg, 
WWCU  PRKCA ),  Candidate  gene  studies  of  PTSD  have 
produced  a  large  body  of  literature  (Pitman  et  al  2012; 
Wilker  and  Kolassa,  2013).  However,  candidate  gene  studies 
have,  for  the  most  pari,  failed  to  replicate  when  the  definition 
of  replication  is  restricted  to  the  observation  of  a  significant 
association  in  the  same  allele  with  the  same  effect  direction 
(see  Sullivan  (2007)  for  a  discussion  of  replication  in 
candidate  genes  studies).  To  date,  relatively  few  candidate 
gene  studies  of  PTSD  have  examined  gene  environment 
(GxE)  interactions,  an  approach  thal  may  be  particularly 
well -suited  for  examining  genetic  risk  in  PTSD.  However, 
candidate  gene  GxE  studies  in  psychiatric  literature  have 
been  prone  to  false  positives  and  suitable  replication  has  been 
difficult  to  obtain  (Duncan  and  Keller,  201 1).  Thus,  as  in  the 
larger  psychiatric  genetics  literature  (Psychiatric  Gwas 
Consortium  Coordinating  Committee  et  al  2009),  for  the 
most  purl,  robust  support  for  markers  associated  with  risk  or 
resilience  for  PTSD  has  not  emerged  from  candidate  gene 
studies. 

In  contrast  to  candidate  gene  studies,  in  a  genome- wide 
association  study  (GWAS),  genetic  variation  — primarily 
single  nucleotide  polymorphisms  {SNPs)— is  examined 
without  hypothesizing  the  role  of  any  particular  gene  or 
biological  function  (Psychiatric  Gwas  Consortium 
Coordinating  CommUtee  et  al  2009),  The  viability  of  a 
GWAS  strategy  is  predicated  on  the  relatively  low  cost  of 
chip -based  genotyping  thal  reliably  and  cheaply  assesses 
thousands  or  even  millions  of  SNPs  distributed  throughout 
the  genome.  Chip- based  genotyping  cannot  yield  informa¬ 
tion  about  rare  or  even  private  (present  in  only  one  person  or 
shared  writhin  a  particular  family)  mutations,  except  in  the 
case  of  rare  or  private  large  copy  number  variants  (CNVs) 
that  can  be  detected  by  examining  the  assays  across  multiple 
SNPs.  To  examine  other  types  of  rare  variants,  more  costly 
whole-genome  or  whole-exome  sequencing  is  required. 
Consequently,  the  investigation  of  rare  variants  has  primarily 
been  addressed  through  sequencing,  whereas  common- 
variant  associations  have  been  assessed  through  chip -based 
genotyping.  It  is  customary  to  examine  hundreds  of 
thousands  or  millions  of  SNPs  in  a  single  GWAS,  As  the 
number  of  SNPs  examined  is  great,  and  the  number  with 
individually  detectable  effects  is  presumably  small,  strict 
multiple -testing  control  is  required  to  reduce  the  number  of 
false  positives.  The  current  customary  significance  threshold 
is  P<5x  10'*  for  a  genome- wide  study  regardless  of  the 
particular  number  of  SNPs  examined.  This  strict  threshold  is 
useful  in  Lhat  iL  gives  some  assurance  that  the  detected  loci 
will  be  robustly  associated  with  the  disorder  under  study. 

To  dale,  four  GWAS  of  PTSD  have  been  published 
(Guffanti  et  al  2013;  Logue  et  al  2013;  Nievergelt  ef  al  2015; 
Xie  ef  al  2013).  The  genome- wide  significant  findings  of 
each  are  summarized  in  Table  1.  Although  the  roles  of  these 
GWAS- identified  genes  in  risk  for  PTSD  have  not  been 
elucidated,  the  top  loci  identified  in  the  extant  GWAS  have 
been  implicated  in  a  variety  of  processes,  including 
neuroprotect t on,  actin  polymerization,  neuronal  function, 
and  immune  function  (Almli  ef  al  2014b;  Guffanti  ef  al 
2013;  fiogue  et  al  2013;  Xie  et  al  2013).  Notably,  the  GWAS 
have  identified  variants  in  novel  pathways  that  would  not 
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have  been  examined  using  the  biologically  driven  candidate- 
gene  methodology.  So  far,  the  findings  from  the  different 
studies  have  not  consistently  implicated  a  primary  set  of 
FTSD  risk  loci.  Numerous  factors  may  contribute  to  this, 
including  one  or  more  of  them  being  false  positives, 
heterogeneity  across  samples,  and  a  statistical  artifact  of  the 
'winner’s  curse’  which  implies  that  effect  size  estimates  will 
be  inflated  for  moderately  powered  studies  (Xiao  and 
Boehnke,  2009),  It  is  important  to  note  that  samples  sizes 
under  5000  or  even  10  000  are  now  considered  to  be 
relatively  'small’  by  modem  GWAS  standards  (Sullivan  et  at , 
201 2),  Convincing  demonstrations  of  association  now  come 
from  GWAS  of  tens  or  even  hundreds  of  thousands  of 
individuals  (Lango  Allen  ct  at ,  2010). 


THE  PGC  AND  PROGRESS  IN  PSYCHIATRIC  GENETICS 

Although  the  results  of  the  PTSD  GWAS  published  to  date 
may  prove  useful,  experience  from  GWAS  of  other 
psychiatric  disorders  has  made  it  clear  that  large-scale 
collaborations  are  necessary  Lo  yield  consistently  replicable 
findings.  The  Psychiatric  Genomic  Consortium  (PGC)  veas 
organized  in  2(K)7  as  an  outgrowth  of  the  Genetic  Associa¬ 
tion  Information  Network— a  joint  public- private  funded 
venture  to  study  attention  deficit/ hyperactivity  disorder 
(ADHD),  diabetic  nephropaLlvy,  major  depressive  disorder, 
psoriasis,  schizophrenia,  and  bipolar  disorder  (Gain 
Collaborative  Research  Group  ct  at,  2007),  The  PGC  had  as 
its  goal  to  conduct  GWAS  studies  of  ADHD,  bipolar 
disorder,  major  depressive  disorder,  and  schizophrenia, 
and  later  autism  spectrum  disorder  (Psychiatric  GWAS 
Consortium  Coordinating  Committee  et  at,  2009;  The 
Psychiatric  GWAS  Consortium  Steering  Committee,  2009). 
The  PGC  was  designed  to  bring  together  psychiatric 
GWAS  from  around  the  world  to  enable  adequately  powered 
analyses.  By  centralizing  analyses  under  a  consortium 
umbrella,  the  PGC  has  overcome  Lhe  substantial  challenges 
of  harmonizing  quality  control  procedures,  analytic  methods, 
and  phenotype  definitions  to  enable  GWAS  meta-  and  mega- 
analyses  (Sullivan,  2010).  By  adequately  powering  analyses, 
and  standing  by  strict  definitions  of  significance  from 
the  outset,  the  PGC  has  encouraged  the  production  of 
high-quality  replicable  genetic  associations. 

The  PGC  has  become  the  largest  collaborative  effort  in  the 
history  of  psychiatry  and,  as  of  Lhis  writing,  comprises  more 
than  500  scientists  from  more  than  100  countries.  More  than 
172  000  subjects  have  been  included,  and  genolyping  of  an 
additional  90  000  is  currently  underway.  PGC  efforts  have 
established  that  sufficiently  powered  GWAS  is  a  viable 
strategy  for  identifying  neuropsychiatric  disorder  susceptibil¬ 
ity  loci  for  bipolar  disorder  (Psychiatric  GWAS  Consortium 
Bipolar  Disorder  Working  Group,  2011)  and  schizophrenia 
(Ripke  et  at ,  2011).  The  PGC  has  enabled  discovery  of  a  large 
number  of  reliably  associated  genetic  loci,  ]0S  for  schizo¬ 
phrenia  alone  at  last  count  (Schizophrenia  Working  Group  of 
the  Psychiatric  Genomics  Consortium,  2014),  The  PGC 
analyses  have  also  given  us  an  insight  into  the  genetic 
architecture  of  psychiatric  disorders  (Collins  and  Sullivan, 
2013).  In  particular,  these  analyses  have  demonstrated  that 
psychiatric  disorders  are  polygenic  (having  hundreds  or  even 
thousands  of  risk  loci)  and  that  common  variation  accounts 
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for  a  substantial  component  of  the  underlying  genetic 
architecture-  Their  results  have  indicated  that  GWAS- 
significant  loci  represent  the  tip  of  the  iceberg  in  terms  of 
the  proportion  of  variance  explained  by  inherited  genetic 


variation,  and  tile  remaining  variation  is  likely  to  represent  a 
mix  of  rare  and  common  genetic  effects-  For  example,  in 
schizophrenia,  the  proportion  of  variation  explained  by  the 
108  genome- wide  significant  loci  was  3-4%  (Schizophrenia 


Table  2  Summary  of  Participating  PGC-  PTSD  Groups 


Principal  investigator 

Sample  name 

Cases 

Controls 

Total 

Ancestry 

Illuming  platform 

Previously  gerayped  ■sample s 

Reder,  Kerry 

Grady  trauma  project 

1503 

3249 

4752 

AA— Mixed 

1 M  Omni-Quad 

Aiello.  Allison 

Detroit  Neighborhood  Health  Study 

192 

620 

812 

AA 

OmmExpress 

GeJemter,  Joel 

Genetics  of  substance  dependence 

813 

4633 

5451 

m>  EA 

GmniQuad 

Nievergelt,  C 

Marine  Resilience  Study 

538 

3477 

4GIS 

EA  60S 

OmniExpressExome 

SieruL  Laura 

Family  Study  of  Cocaine  Dependent 

m 

3568 

4039 

Mixed 

1 M  Beadchip 

Miller,  Mane 

Boston- V  A 

600 

500 

MOO 

Mixed 

Omni  25  M 

Stem-  Murray 

Army  STARRS 

4500 

15  500 

20000 

Mixed 

Omni  ExpressExomeC 

Beckham,  jean 

MlRECC 

1156 

1156 

2312 

Mixed 

650/1  M-Duo/OmnilS 

Resster,  Kerry 

Grady  trauma  project 

197 

1751 

2248 

AA— Mixed 

1 M  QmnhQuad 

Stein,  MliiTay 

VA  Cooperative  Study 

10000 

10000 

20000 

Mixed 

QmniExpressExomeC 

DeUa,  Lynn 

UCSD  VA 

1000 

1000 

2000 

Mixed 

Smith.  Nicholas 

VET  Study 

W 

377 

869 

Mixed 

Holtegaand  Mad? 

Danish  Blood  Spot  Cohort 

500 

2500 

3000 

EA 

Subtotal 

7.21*7 

48  331 

70650 

Samples  wrrvi  [unfed  gera  typing 

Koenen.  Karestan 

Nurses  Health  Study  li 

680 

700 

1380 

EA 

FtychChip 

Uberzon,  Israel 

Ohio  nationaJ  Guard  Study 

170 

200 

370 

EA 

PsychChip 

Lyons.  Michael 

Vietnam  Era  Twin  Registry 

350 

350 

700 

EA 

PsychChip 

Kessler,  Kerry  /  Dan  Stein 

Gillian  South  African  Cohort 

200 

400 

600 

S-  African 

F^ychChip 

Vermetten,  Enr 

Military  Research  (PRISMO) 

35 

965 

1000 

EA 

PsychChip 

Bryant,  Richard 

Australian  Injury  VulrwrtbiTrty  Study 

205 

796 

loci 

EA 

PyschOnp 

Ressler,  Kerry 

Predictive  Biomarkers  Project 

200 

400 

600 

80%  AA 

PsychChip 

Subtotal 

1840 

381 T 

5651 

Additional  samples  identified  fm  future  gera  typing  once  funding  rs  obtained 

Res&ler,  Kerry 

Grady  Trauma  Project* 

200 

1000 

1200 

AA  -mixed 

Ressler*  Kerry  /  Hdty  Orrutt 

NIU  Shooting  Sample 

70 

230 

300 

80%  EA 

Aiello,  AJJison 

Detroit  Neighborhood  Health  Study 

72 

197 

im 

AA 

Liberzon.  Israel 

Gracy  Detroit  Mothers  Study 

200 

220 

420 

75%  EA  23%AA 

Liberzon,  Israel 

Ohio  national  Guard  Study 

EG 

860 

870 

85%  EA  1 3%AA 

Koenen,  Karestan 

Nurses  Health  Study  II 

170 

1463 

1633 

EA 

Kessler.  Ronald 

Worid  Mental  Health  Surveys 

m 

6969 

7287 

Other 

Amstadter,  Ananda 

Service  Expenence  and  Alcohol  Preference  Study 

80 

80 

160 

80%  EA,  20%AA 

Amstadter,  Ananda 

Disaster-affected  adolescents  and  families 

82 

69B 

780 

70%  EA,  25%  AA 

Yehuda,  Rachd 

Improving  PTSD  outcomes  in  OiF/OEF  returnees 

121 

300 

421 

Mixed 

Yehuda.  Rachd 

Suicidality  and  PTSD 

90 

0 

90 

Mixed 

Yehuda.  Rachel 

Holocaust  PTSD 

45 

0 

45 

EA 

Feder.  Adnana 

Worid  Trade  Center  responder 

50 

200 

250 

Mixed 

Baker.  Dewleen 

Marine  Resiliency  Study* 

1  17 

m 

700 

EA  60% 

Stem,  Murray 

Army  STARRS 

1800 

12200 

14000 

Bradley,  Bekh 

Genetic  and  Environmental  Risk/Resihence  Factors 
for  Posttraumatic  Stress  Disorder  m  OEF/OIF  Veterans 

200 

600 

800 

AFR 

Beckham,  Jean 

MIRECC* 

152 

758 

910 

Mixed 

Hemnga,  Ryan 

Neural  Baas  of  Emotion  Regulation  in  PTSD 

50 

50 

100 

Bisson,  Jonathan 

Wales  PTSD  Study 

462 

960 

1422 

EA 

Hollegaard,  Mads 

Danish  Blood  Spot  Cohort 

20000 

20000 

40000 

EA 

Ksbrough,  Victoria 

Norman  VA  exposure  therapy 

200 

0 

200 

60%  EA 

Subtotal 

25  489 

51  368 

76857 

TOTAL 

48  596 

99510 

MSI  58 

Abbreviations:  AA,  African  American  ancestry;  EA,  European  American  ancestry;  PGQ  Psychiatric  Genomics  Consortium:  PTSD,  posttraumatic  stress  disorder. 
*  Study  contributing  more  than  one  wave  of  data 
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Working  Group  of  the  Psychiatric  Genomics  Consortium 
2014),  whereas  estimates  of  the  total  proportion  of  variation 
explained  hy  common  genotyped  SNPs  has  been  estimated  to 
be  approximately  25  and  45%  depending  on  the  population 
and  method  used  (International  Schizophrenia  Consortium 
H  aL,  2009;  Lee  et  aly  2012;  Ripke  et  alf  2013).  In  addition  to 
common  variants,  rare  variants  such  as  CNVs  were  found  lo 
explain  a  proportion  of  risk  for  schizophrenia,  bipolar 
disorder,  and  autism  (Malhotra  and  SebaL  2012).  Results  in 
schizophrenia  also  suggest  that  many  of  the  genome-wide 
significant  loci  obtained  at  smaller  sample  sizes  will  turn  out 
to  be  significant  once  the  sample  size  gets  large  (Schizophrenia 
Working  Group  of  the  Psychiatric  Genomics  Consortium 
2014),  The  polygenic  nature  of  the  psychiatric  disorders  is 
such  that  once  the  sample  size  is  sufficiently  large,  the 
genome- wide  distribution  of  association  statistics  will  differ 
from  l he  expected  null  distribution  (Schizophrenia  Working 
Group  of  the  Psychiatric  Genomics  Consortium  2014).  A  new 
method  called  LD  regression  has  been  developed  lo  test 
whether  or  nol  genomic  inflation  in  this  context  represents  a 
polygenic  risk  component  to  disease  or  inhaled  significance 
due  lo  the  population  substructure  (Bulik- Sullivan  et  ah 
2015b). 

Also  importantly,  as  the  list  of  risk  loci  has  expanded,  they 
have  begun  to  coalesce  into  biological  pathways,  illuminating 
disease  pathogenesis  and  implicating  new  targets  for  drug 
development  (Cross-Disorder  Group  of  the  Psychiatric 
Genomics  Consortium,  2013;  Nurnberger  et  20 H; 
Schizophrenia  Working  Group  of  the  Psychiatric  Genomics 
Consortium  2014).  For  example,  recent  analyses  have 
highlighted  the  role  of  immune  system  and  glutamalergk 
function  in  schizophrenia  (Schizophrenia  Working  Group  of 
die  Psychiatric  Genomics  Consortium  2014)  and  calcium 
channel  signaling  across  childhood*  and  adult- onset  dis¬ 
orders  {Cross-Disorder  Group  of  the  Psychiatric  Genomics 
Consortium,  2013).  The  PGC  Cross* Disorder  Workgroup 
identified  several  loci  that  appear  to  confer  risk  across 
autism,  ADHD,  bipolar  disorder,  major  depressive  disorder, 
and  schizophrenia  (Cross* Disorder  Group  of  the  Psychiatric 
Genomics  Consortium,  2013).  Aggregate  genome-wide 
analyses  (using  SNP-heritability  estimates  and  polygene 
scores)  showed  significant  genetic  overlap  among  these 
disorders,  with  the  strongest  overlap  between  bipolar 
disorder  and  schizophrenia  (genetic  correlation  =  +0.68; 
Cross-Disorder  Group  of  the  Psychiatric  Genomics  Con¬ 
sortium  ef  at ,  2013).  By  highlighting  shared  biologic 
vulnerability,  ihis  work  may  inform  efforts  to  refine 
psychiatric  nosology.  Recently  Bulik-Sullivan  et  al  (2015a) 
have  developed  a  new  computationally  efficient  technique  for 
estimating  cross- trail  genetic  correlation  based  on  LD 
regression.  The  results  obtained  with  this  new  method 
mirror  earlier  work  showing  genetic  correlation  between 
schizophrenia  and  bipolar  disorder.  However,  this  new 
method  has  the  advantage  that  it  can  be  run  on  summary 
statistics  from  both  traits,  rather  than  necessitating 
individual -level  data. 

The  PGC  has  also  led  the  development  of  the  PsydiChip. 
The  PsychChip  is  an  IlJumina  (San  Diego,  GA)  genoiyptng 
chip  that  assesses  -  560  000  markers.  It  is  designed  to  be 
suitable  for  analysis  of  psychiatric  l rails  and  for  use  in  the 
imputation  of  genome- wide  SNP  genotypes  (described  in  the 
Supplementary  Materials). 
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THE  PGC-PTSD  WORKGROUP 


Drs  Koenen,  Kessler,  and  Liberzon  founded  the  PCG-PTSD 
Workgroup  (PGC-PTSD)  in  May  2013  with  a  satellite 
meeting  at  the  Society  of  Biological  Psychiatry  co-sponsored 
by  NIMH  and  One  Mind,  a  patient  advocacy  non¬ 
profit  organization  (htlp;//o nemind.org).  The  PGC-PTSD 
has,  as  its  goal,  the  bringing  together  of  a  large  number 
of  PTSD  researchers  for  the  purpose  of  large-scale  GW  AS 
studies  of  PTSD. 


The  Sample 

The  size  and  characteristics  of  the  groups  anticipated  to 
participate  in  the  PGC-PTSD  are  summarized  in  Table  2. 
First,  six  groups  have  uploaded  genotype  data  that  will  be 

u  sed  \  n  th  c  initial  PGC*  PT  S  D  a  naj  y  a  is.  Th  is  i  n  cl  udes  a 
combined  sample  size  of  20468  subjects  (4487  cases  and 
15  98]  controls).  Second,  an  additional  53  552  subjects  from 
13  studies  have  been  genotyped  (19  408  cases  and  34  144 
controls).  Third,  there  are  20  studies  with  genotyping  in 
process  or  planned  (N  =  71  757;  24  439  cases  and  47  318 
controls).  Many  of  these  studies  will  be  using  the  PsychChip. 
Data  collection  sites  are  from  across  the  US  (eg,  Atlanta,  San 
Diego,  New  Haven,  Detroit)  and  include  three  additional 
countries  (Denmark,  The  Netherlands  and  South  Africa). 
Like  other  PGC  disorders,  we  expect  that  this  initial  sample 
is  merely  the  first  foray  into  large-scale  meta-analyses. 

The  vast  majority  (>  80%)  of  controls  across  these  studies 
have  experienced  a  trauma  fulfilling  the  exposure  criterion 
for  PTSD.  Hence,  the  PGC-PTSD  sample  will  have  a  large 
trauma  exposed  control  group  available  for  comparison  with 
PTSD  cases.  Focusing  on  trauma- exposed  individuals  may  be 
useful  as  any  PTSD  risk  allele,  which  will  have  an  increased 
rate  in  PTSD  cases,  will  presumably  have  a  lower  frequency 
in  PTSD' negative  trauma- exposed  controls  than  in  trauma 
negative  or  unscreened  controls.  Hence,  all  other  things 
being  equal,  the  greater  difference  in  allele  frequency 
between  PTSD  cases  and  trauma- exposed  controls  will  lead 
to  a  greater  power  to  detect  the  associations  than  a  sample 
that  includes  trauma -negative  or  unscreened  controls. 
Utilizing  unscreened  controls  in  the  presence  of  rGE  effects 
could  result  in  associations  representing  a  mix  of  loci,  some 
of  which  were  associated  with  risk  of  PTSD  in  the  presence 
of  trauma  exposure  and  some  of  which  were  rdaLed  to  the 
risk  of  trauma  exposure  itself.  The  use  of  only  trauma- 
exposed  controls  and  inclusion  of  degree  of  trauma  exposure 
as  a  co variate  in  analyses  should  be  adequate  lo  place  our 
focus  tightly  on  loci  that  increase  risk  of  PTSD  directly. 


Phenotype  and  Exposure  Measurement  Complexity 

The  harmonization  of  data  across  PGC-PTSD  groups,  like 
that  for  other  psychiatric  disorders,  is  complicated  by 
variability  in  the  assessment  methods  used.  Two  major 
approaches  to  the  assessment  of  PTSD  symptoms  and 
diagnosis — structured  clinical  interviews  and  self- report 
instruments— are  represented,  with  the  primary  distinction 
between  them  related  Lo  the  source  of  the  data  (ie,  clinician 
ratings  vs  participant  sell -report).  Of  the  six  samples  already 
uploaded  to  the  PGC-PTSD,  five  used  self-report  measures 
and  one  used  clinician  ratings.  The  major  limitation  of 
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clinical  interviews  is  the  considerable  time  and  expense 
involved  in  training  and  administration,  which  renders  this 
approach  impractical  for  many  studies.  Studies  featuring 
some  of  the  largest  samples  have  used  self  report  instru 
men  is  to  assess  symptoms  and  estimate  diagnosis,  Addi 
lion  ally,  although  not  yet  investigated  within  the  PGC-PTSD 
group,  there  is  the  possibility  of  using  diagnostic  information 
from  additional  sources  such  as  from  electronic  health 
records,  which  can  provide  evidence  of  convergent  validity. 
Finally,  methods  for  determining  diagnostic  status  (ie,  cases 
vs  controls)  differ  between  interview  and  seif  report 
approaches,  as  well  as  across  traumatized  populations. 
Interview -based  studies,  based  on  the  judgment  of  trained 
clinicians,  typically  apply  the  DSM  algorithm  (ie,  for  DSM 
IV*  one  reexperiencing  symptom,  three  avoidance  and 
numbing  symptoms,  and  two  hyperarousal  symptoms). 
With  self-report  measures,  diagnostic  classifications  are 
somewhat  less  straightforward.  The  DSM- IV  algorithm  can 
also  be  applied  by  defining  symptoms  endorsed  above  a 
given  severity  threshold  level  as  present  (ie,  causing 
moderate  or  greater  distress).  However,  patterns  of  item 
endorsement  tend  to  vary  across  items  and  populations,  so 
the  application  of  a  uniform  criterion  can  yield  significant 
differences  in  composition  of  cases  across  samples.  Alter¬ 
natively,  PTSD  diagnostic  status  can  be  determined  in 
relation  to  a  total  symptom  severity  score  cutoff  Studies 
that  have  examined  the  relationship  between  probable 
diagnoses  derived  from  this  approach  vs  interview  measures 
of  PTSD  have  found  acceptable,  though  not  excellent, 
agreement  (see  eg,  McDonald  et  at ,  2009;  McDonald  and 
Calhoun,  2010).  Studies  have  shown  that  for  any  given 
measure  the  optima!  score  for  differentiating  cases  from 
controls  differs  across  samples  and  can  be  influenced  by  a 
host  of  factors,  most  notably,  the  base  rate  of  the  diagnosis  in 
the  sample  (for  a  meta-analysis  of  PTSD  Checklist  (PCL) 
studies,  see  Terhakopian  ef  ah  2008).  Thus,  because  the  same 
instrument  can  yield  different  classification  performance 
across  different  samples,  our  cutoff  score  selections  will  take 
into  account  independent  estimates  of  the  true  base  rate  ol 
the  sample. 

The  harmonization  of  measures  of  trauma  exposure  across 
studies  is  an  additional  complication  for  PTSD  genetics 
research.  Though  the  DSM  offers  a  broad  definition  of  the 
types  of  events  known  to  cause  PTSD,  there  is  no  uniform  or 
generally  agreed-upon  framework  for  categorizing  or  mea¬ 
suring  them.  A  variety  of  self  report  measures  of  trauma 
exposure  are  represented  among  PGC-PTSD  studies.  Most 
consist  of  a  list  of  events  that  meet  the  DSM -IV  PTSD 
Criterion  At  trauma  definition  including  exposure  to  sexual 
or  physical  assault,  combat  or  warfare,  sudden  death  ol 
friend/loved  one*  and  so  on.  Most  also  make  It  possible  to  re 
classify  events  for  harmonization  purposes  into  broader 
categories  such  as  childhood  vs  adult  trauma,  or  interperso 
nal  versus  non- interpersonal  trauma,  or  to  compute  a 
measure  of  total  trauma  load  (ie,  a  sum  of  event  exposure 
categories  across  the  lifespan). 

The  instruments  used  in  the  various  studies  also  differ  with 
respect  to  the  way  that  they  link  PTSD  to  the  trauma.  In 
clinical  interview  instruments  such  as  the  Clinician  Admi¬ 
nistered  PTSD  Scale  for  DSM-1V  (Blake  et  ah  1990)  and  the 
Structured  Clinical  Interview  for  DSM -IV  Axis  I  Disorders 
(First  et  ah  1994),  interviewers  identify  an  index  event (s)  and 


then  evaluate  its  link  lo  subsequent  symptoms  while 
accounting  for  confounding  factors  such  as  comorbidity, 
substance  abuse,  medical  issues,  and  reporting  style.  For  self- 
report  measures  (eg,  the  PCL;  Weathers  et  ah  1993), 
approaches  range  from  l  hose  that  link  symptoms  to  a  single 
event,  to  those  that  do  not  reference  a  single  event,  to  those 
that  reference  military  experience  broadly, 

Ancestry 

Most  extant  PGC  GW  AS  have  been  restricted  to  a  single 
ancestral  population  because  population  stratification  can 
lead  to  Type  I  and  Type  It  errors  in  genetic  association 
studies  (Marchtni  et  ah  2004),  Psychiatric  research  in  the  US 
and  Europe  has  traditionally  enrolled  a  relatively  large 
proportion  of  subjects  of  European  ancestry,  and  conse 
quently,  GWAS  in  the  PGC  have  been  performed  primarily 
using  subjects  of  European  ancestry  (Figure  la).  In  contrast, 
PTSD  studies  have  recruited  subjects  primarily  from  high- 
risk  populations,  such  as  combat -veteran  cohorts,  or  in 
urban  areas  with  high  rates  of  violent  crime,  and  thus  PGC- 
PTSD  samples  include  a  large  proportion  of  subjects  of 
African-American  and  llispanic/Latino  ancestry  {Figure  lb). 
GWAS  on  such  heterogeneous  and  admixed  samples  require 
additional  considerations  (eg,  a  study  by  Pasaniuc  et  al 
(2011)).  Combining  across  multiple  ancestry  groups  via 
meta- analysis  has  become  more  common  in  the  recent  past 
(see  eg,  Nievergdl  et  ah  2015  and  Li  and  Keating,  2014  for 
review'). 

RESEARCH  STRATEGY 
PTSD  Meta-Analysis 

Our  proposed  analysis  strategy  is  described  in  the 
Supplementary  Materials  and  is  briefly  outlined  here. 
Standardized  quality  control  procedures  and  GWAS  analysis 
based  on  the  PGC  GWAS  analysis  pipeline  will  be  used 
(Ripke  et  ah  2013).  Harmonized  versions  of  continuous 
predictive  variables  and  outcomes  (eg,  PTSD  severity)  will  be 
generated  based  on  within-sludy  normalization  of  the 
instruments  available.  Categorical  outcome  and  predictor 
variables  will,  for  the  most  part,  be  based  on  the  diagnostic 
schema  adopted  by  Lhe  principal  investigator  of  the 
particular  study  taking  into  account  sample  and  measure 
merit  factors  that  affect  prevalence  estimates*  The  efficacy1  of 
the  harmonization  will  be  assessed  using  the  descriptive 
statistics  and  by  examining  correlations  between  predictive 
variables,  outcomes,  and  reported  demographic  information 
from  each  group.  Our  primary  analysis  will  be  a  GWAS 
meta- analysis  of  PTSD  followed  by  a  GWAS  of  PTSD 
severity,  both  controlling  for  potential  sources  of  bias  as  well 
as  trauma -exposure  variables.  Based  on  a  consensus  of 
participating  group  members  at  in-person  PGC-PTSD 
planning  meetings,  we  determined  to  utilize  dichotomous 
DSM  TV  diagnosis  as  the  primary  phenotype*  Initially,  this 
analysis  wriLl  be  restricted  Lo  trauma -exposed  controls.  The 
pipeline  will  be  modified  to  account  for  greater  population 
stratification  between  and  within  PGC-PTSD  groups  com¬ 
pared  with  the  typical  PGC  analysis.  Both  with  in-ancestral 
group  and  cross -ancestral  group  meta -analysis  will  be 
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a  PGC  -  representative  samples 
(Predominately  European  ancestry) 


b  PGC-PTSD 
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Figure  I  A  comparison  of  ancestral  diversrty  in  (a)  representative  Psychiatric  Genomics  Consortium  (PGC)  samples  of  primarily  European  ancestry  and  (b) 
representative  PGC-PTSD  samples,  Key:  mrsa,  mrsb — subsets  (a  and  b)  of  the  Manne  Resilience  Study  (Nieveigeit),  gtpx — Grady  Trauma  Project  (Ressler); 
gsdx  —Genetics  of  Substance  Dependence  (Geiemter);  fscd  —  Family  Studies  of  Cocaine  Dependence  (Bierut)!  dnhs-  -  Detroit  Neighborhood  Health  Study 
(Aiello):  cogU  cogi— subsets  (a  and  b)  orthe  CGGEND  study  (Bderut);  Note  that  Afncan  Amencan  refers  to  subjects  from  the  USA  who  typically  have  a  mix 
of  Afncan  and  European  ancestry.  whereas  Afncan  Ancestry  refers  to  subjects  from  Africa  without  admixed  ancestry.  PTSD,  posttraumatic  stress  disorder. 


Figure  2  EfTea  size  necessary  to  have  90%  power  for  case-control  and 
quantitative -trait  association  analyses  demonstrating  the  relation  between 
increasing  sample  size  and  ability  to  detect  bc<  of  smaller  effect  sizes. 
Key:  calculated  assuming  PTSD  prevalence  of  \  5%  additive  model,  a  type  I 
error  rate  nf  5  *  1 0'  ”,  and  perfect  LD  between  marker  and  trait  attete  foi 
MAP  >5%).  Calculations  were  based  on  a  J  :  3  PTSD  case- control  ratio  or 
quantitative  traits  such  as  PTSD  symptoms  PTSD.  posttraumutic  stress 
disorder 


performed.  Subsequent  investigation  will  include  analyses  of 
rare  variants,  including  structural  variants  such  as  CNV. 

The  PGC-PTSD  has  already  assembled  a  substantial 
aggregate  sample  size,  as  well  as  an  extensive  set  of  samples 
that  will  be  genotyped  it  funding  allows.  The  power  to  deled 
a  SNP  effect  in  a  GW  AS  analysis  varies  as  a  function  of  the 
size  of  the  effect,  the  allele  frequency  of  the  SNP,  and  the 
sample  size.  This  is  illustrated  in  Figure  2,  which  displays  the 
minimum  effect  size  that  yields  80%  power  as  a  function  of 
the  SNF  allele  frequency  and  sample  size.  An  analysis 
including  the  45  000,  the  samples  that  have  currently  funded 
genotyping  will  have  80%  power  !□  detect  a  locus  with  a 
genotype  relative  risk  (GRft)  between  1,2  and  1.1 1  for  allele 


frequencies  between  5  and  20%,  Increasing  the  sample  size  to 
60  000  will  allow  us  to  detect  a  locus  with  a  GRJR  between 
1.17  and  1.1*  respectively, 

GxE  Analyses 

In  addition  to  the  standard  GWAS  meta-analysis,  a 
secondary  aim  of  the  PGC-PTSD  is  to  conduct  a  series  of 
GxE  analyses.  Some  readers  may  be  surprised  that  this  is  not 
the  primary  analysis  for  PTSD,  Although  we  are  well  aware 
of  the  conceptual  relevance  of  GxE  models  to  PTSD,  the 
statistical  challenges  associated  with  GxE  analyses  are 
formidable.  First,  although  PTSD  clearly  results  from  the 
interaction  of  trauma  with  genetic  predisposition,  it  is 
unclear  whether  or  not  the  biological  realities  of  such  an 
interaction  are  captured  by  testing  deviations  from  a 
multiplicative  logistic  regression  model  (Thompson,  1991). 
Second,  the  significance  of  the  GxE  interaction  term 
estimated  using  standard  regression  models  can  be  inflated 
under  commonly  occurring  conditions  (Almli  et  al ,  2014a; 
Voorman  et  al  2011).  Third,  obtaining  reasonable  power  in 
GxE  analysis  takes  sample  sizes  larger  than  those  required  for 
main  effect  analyses.  A  sample  four  times  as  large  has  been 
proposed  as  a  rule  of  thumb  (Thomas,  2010).  Finally,  the 
power  and  bias  of  different  GxE  analysis  methods  vary 
depending  on  the  nature  of  the  interaction  (Cornells  ef  al, 
2012;  Mukherjee  et  al  2012), 

Approaches  used  previously  in  PTSD  genetics  studies  have 
ranged  from  including  cumulative  lifetime  ‘trauma  load1  as  a 
covariate  in  the  analysis  (Kolassj  et  a l  2010)  to  explicitly 
testing  for  GxE  interactions  (Digangi  et  at,  2013),  To  date, 
there  have  been  no  genome- wide  GxEl  studies  of  PTSD. 
Although  the  single  genome- wide  GxE  study  published  in 
psychiatry  to  dale  (a  study  of  ADHD)  did  not  yield 
significant  findings  (Srmuga-Barke  et  al  2008),  genome¬ 
wide  GxE  studies  have  been  successful  in  other  areas  {eg, 
Beaty  ef  al,  2011). 

The  PGC-PTSD  will  use  a  two-stage  strategy  to  examine 
GxE  effects.  First,  given  the  likelihood  of  developing  PTSD 
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increases  with  exposure  Lo  childhood  trauma,  interpersonal 
violence,  and  with  increasing  trauma  load,  GxE  models  will 
lest  the  hypothesis  that  the  effects  of  risk  variants  for  PTSD 
{identified  through  the  primary  GWAS)  are  moderated  by 
these  environmental  variables*  The  second  approach  h  a 
‘genome-wide  GxE’ m eta -analysis  approach  that  will  system 
alically  interrogate  the  genome  for  GxE  effects  between  SNPs 
and  these  three  environmental  variables.  This  will  include 
fitting  a  logistic  regression  model  oi  PTSD  and  linear  model 
of  PTSD  severity  as  a  function  of  a  SNP  x  childhood  trauma, 
SNPx  interpersonal  trauma,  and  SNPx  total  trauma  load 
interaction  effects  using  robust  SEs  to  combat  genome  wide 
inflation  of  significance.  Follow- up  analyses  will  examine  the 
effect  of  multiple  characteristics  of  trauma  exposure, 
including  trauma  load,  type,  timing,  and  severity.  Finally, 
we  note  that  the  data  gathered  here  will  provide  a  resource 
for  secondary  analysis  and  methodological  development,  as 
has  been  the  case  for  other  PGC  disorders  such  as 
schizophrenia. 

Comorbidity 

PTSD  js  highly  comorbid  with  other  psychiatric  disorders, 
and  a  substantial  proportion  of  this  comorbidity  may  be 
explained  by  common  genetic  influences  (Koenen  et  al,  2003; 
Wolf  et  ah  2G10}*  Hence,  in  this  context  comorbidity  may 
present  an  opportunity  to  explore  potential  overlapping 
genetic  effects  in  our  sample.  We  propose  to  follow  the  PGC 
cross -disorder  model  and  perform  a  polygenic  architecture 
analysis  with  polygenic  risk  scores  and  LD  regression  to 
determine  the  proportion  of  genetic  variance  (her i lability) 
common  across  PTSD  and  other  psychiatric  disorders. 

PGC- PTSD  SUBGROUPS 

The  PGC- PTSD  also  represents  the  confluence  of  vast 
reserves  of  PTSD-related  information  that  will  enable  large- 
sample  investigations  of  PTSD -associated  epigenetic,  neu 
roimaging,  and  other  neurobiologieal  measures.  In  order  to 
facilitate  the  analysis  of  these  data,  a  pair  of  focus  groups 
have  been  created  within  the  PGC-PTSD  workgroup:  the 
PGC-PTSD  Epigenetics  Workgroup  and  the  PGC-PTSD 
Neuroimaging  Genetics  Workgroup. 

PGC-PTSD  Epigenetics  Workgroup 

Recently,  ‘stand  alone*  genome-scale  studies  of  PTSD 
epigenetics  and  gene  expression  have  provided  initial  insight 
into  molecular  dysregulalion  associated  with  the  disorder 
(Mehta  et  ah  2013).  Epigenetics  provides  a  molecular  context 
to  GxE  interactions  by  offering  a  biological  mechanism 
through  which  gene  expression  can  vary  in  response  to  an 
environmental  exposure  (see  eg,  Latham  et  ah  2012).  Genetic 
variation  has  been  shown  to  influence  DNA  methyktion  and 
gene  expression  levels,  often  in  tissue-specific  and  develop¬ 
mental  stage-specific  manners;  so-called  methyktion  trail 
quantitative  loci  (meQTLs)  and  expression  trait  quantilatri'e 
loci  (eQTLs)  have  been  identified  across  the  genome  in 
numerous  studies  to  date  (see  eg.  Smith  et  ah  2014), 
Although  genome- scale  studies  of  PI’S D-assoda ted  meQTLs 
and  eQTLs  have  yet  to  be  reported,  focused  candidate  gene 
studies  have  revealed  notable  examples  of  each  (see  eg. 


Klengel  et  al,  2013;  Mehta  et  ah  2011;  Ressler  et  al,  2011). 
Within  the  PGC-PTSD,  there  are  several  groups  with  both 
genome- wide  genotype  and  methyktion  data,  With  a  current 
total  n=  11 14,  The  PGC-PTSD  Methyktion  Workgroup  has, 
as  its  goal,  the  creation  of  a  large  PTSD -focused  methyktion 
data  set  that  can  be  used  to  identify  whether  gene  expression 
or  methyktion  act  as  mediators  of  the  association  between 
SNPs  and  PTSD  risk  as  well  as  identifying  PTSD -relevant 
eQTLs  and  meQTLs  that  can  be  examined  for  association  to 
PTSD  and  trauma  exposure. 

PGC-PTSD  Neuroimaging  Workgroup 

The  PGC  group  members  have  a  large  number  of 
participating  groups  with  neuroimaging  data.  Within  the 
PGC-PTSD  there  are  over  5000  samples  that  will  have  both 
structural  MRI  and  GWAS  data  available.  Smaller  data  sets  of 
DTI,  res  ling-stale  fMRL  MEG,  and  other  imaging  modalities 
are  also  available.  These  data  will  allow  the  investigation  of 
how  genomic  markers  modulate  neuroimaging  quantitative 
traits  (QTs)  associated  with  PTSD.  The  uncertainty  asso¬ 
ciated  with  psychiatric  nosology  makes  reference  to  an 
intermediate  biological  variable  attractive,  as  the  heritability 
of  intermediate  phenotypes  such  as  regional  brain  volumes  is 
often  80%  or  higher  (den  Braber  et  ah  2013).  However,  these 
will  not  represent  a  magic  bullet*  Given  the  results  of  the 
ENIGMA  group,  a  neuroimaging  GWAS  meta -analysis 
consortium,  effect  sizes  observed  for  individual  SNPs  on 
brain  structures  are  likely  to  be  modest  and  require  large 
sample  sizes  lo  be  adequately  powered  (Hibar  et  ah  2015; 
Stein  et  ah  2012).  The  PGC-PTSD  Neuroimaging  Work¬ 
group  will  facilitate  the  creation  of  a  large  PTS D-  focused 
neuroimaging  data  set  Lo  investigate  genomic  markers  for 
association  to  cortical  and  subcortical  volumes  such  as 
hippocampus,  amygdala,  and  medial  prefrontal  cortex 
structures  as  well  as  regional  cortical  thickness  changes  that 
are  associated  with  PTSD*  Genomic  markers  found  to 
predict  imaging  QTs  may  have  a  role  in  PTSD  symptoms 
or  diagnoses  (Meyer-Undenberg  and  Weinberger,  2006), 


DISCUSSION 

There  are  several  ways  in  which  the  PGC-PTSD  will 
represent  and  advance  the  current  cutting-edge  of  PTSD 
genetics  research.  First  and  foremosL,  the  PGC-PTSD  will 
build  on  what  the  PGC  has  learned  in  other  disease  domains. 
We  believe  that  Lhe  PGC-PTSD,  through  its  investigation  of 
genetic  variation,  epigenetic  variation,  and  neuroimaging 
characteristics  of  PTSD  will  provide  new  and  important 
insights  into  the  biological  underpinnings  of  PTSD  risk.  The 
PGC-PTSD  additionally  has  the  goal  of  developing  clinically 
useful  biomarkers  of  PTSD.  The  work  of  the  PGC-PTSD  will 
inform  the  development  of  at  least  three  types  of  clinical 
bio  markers*  The  first  arc  predictive  biomarkers  that  reliably 
distinguish  persons  at  high  vs  low  risk  for  the  development  of 
PTSD  following  Lrauma*  A  gene  or  combination  of  genes 
associated  with  PTSD  may,  in  conjunction  with  other 
information,  contribute  to  an  algorithm  for  estimating  the 
risk  of  developing  PTSD.  Such  a  risk  algorithm  could  be  used 
in  first- response  settings  or  the  military  to  better  target 
preventive  in t erven tions. 
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The  second  type  of  biomarker  likely  to  be  informed  by  the 
discoveries  of  the  PGC  PTSD  working  group  is  related  to 
treatment  matching.  There  are  several  effective  interventions 
for  PTSD  including  prolonged  exposures  cognitive  proces¬ 
sing  therapy,  skills  training  in  affective  and  interpersonal 
regulation,  and  pharmacological  interventions*  However, 
little  is  known  about  which  of  these  treatments  might  be 
most  effective  for  which  patients*  One  of  the  long-term  goals 
of  the  PGC-PTSD  will  be  to  examine  whether  patients  with 
specific  combinations  of  genetic  variants  and  environmental 
exposures  respond  differentially  to  evidence- based 
treatments. 

The  third  type  of  biomarker  that  may  be  informed  by  the 
work  of  the  PGC-PTSD  is  relapse  prediction.  Several  of  the 
studies  included  in  the  PGC-PTSD  meta-analysis  are  long 
itudinal  and  a  lew  are  truly  prospective  (Baker  et  al,  2012; 
Goldman n  et  at,  2011).  Thus,  we  will  be  able  to  examine 
whether  genetic  variants  associated  with  PTSD  also  predict 
the  clinical  course  of  the  disorder.  If  patients  with  a  specific 
combination  of  genetic  and  environmental  risk  factors  are  al 
higher  risk  of  relapse,  such  patients  could  be  targeted  with 
relapse  prevention  strategies. 

Knowledge  of  the  genetic  and  environmental  architecture 
of  PTSD  has  the  potential  to  advance  our  understanding  of 
the  pathophysiology  of  the  disorder  and  inform  treatment 
development.  Of  particular  interest  is  the  development  of 
preventive  pharmacological  interventions  for  PTSD  that 
could  be  administered  in  the  acute  aftermath  of  traumatic 
events.  Many  pharmacological  agents  have  been  explored  in 
this  regard  including  propranolol  and  hydrocortisone,  but 
none  have  shown  decisive  efficacy  for  PTSD  prevention  in 
large  RCTs.  The  success  of  GW  AS  of  schizophrenia  and 
bipolar  disorder  has  led  tn  the  identification  of  new 
treatment  targets  (Cross- Disorder  Group  of  the  Psychiatric 
Genomics  Consortium,  2013;  Nurnberger  et  alt  2014; 
Schizophrenia  Working  Group  of  the  Psychiatric  Genomics 
Consortium  2014),  Clinical  trials  are  underway  to  determine 
whether  these  will  translate  into  more  effective  treatments. 
Rather  than  simply  generating  a  list  of  associated  DNA 
variants,  our  goal  is  Lo  produce  the  same  successes  for  PTSD, 
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cal  theories  involving  excessive  serotonin  have  been  dis- 
cussed  both  in  anxiety3  and  depression. !t 

The  tracer- specific  concerns  raised  by  Dr  Jacobsen  have 
heen  discussed  in  detail  previously.  '<J'  Briefly,  PET  assess¬ 
ment  of  endogenous  serotonin  formation  assumes  that  [JtC]5- 
HTP  influx  rate  is  a  proxy  for  endogenous  amino  acid  decar¬ 
boxylase  (AADC)  activity,  being  proportional  to  tryptophan 
hydroxylase  activity*  Dr  Jacobsen  proposes  2  alternatives  as  to 
why  we  found  increased  AADC  activity,  both  having  seroto¬ 
nin  "deficiency”  in  common.  Dr  Jacobsen  argues  that  in¬ 
creased  AADC  activity  may  result  from  less  endogenous  5- HTP 
competing  with  the  radiotracer.  However,  as  pointed  out  by 
Dr  Jacobsen,  AADC  activity  is  not  the  rate-limiting  step,  mak¬ 
ing  il  highly  unlikely  that  the  very  low  tracer  doses  (nano¬ 
moles)  of  rl1C]5-HTP  injected/1  corresponding  to  picomole 
amounts  entering  the  brain,  would  cause  enzyme  saturation . 
Indeed  the  Michaelis-Menten  constant  of  AADC  (micromoles 
per  liter)  mentioned  by  Dr  Jacobsen  supports  this.  In  our 
article,1  we  speculated  that  downregulation  of  serotonin-IA 
autoreceptors  d  is  inhibited  serotonergic  synthesis  and  firing. 
Indeed,  reduced  serotonin-IA  receptor  binding  has  been  con¬ 
sistently  demonstrated  in  molecular  neuroimaging  studies  of 
anxiety  disorders.  Our  findings  are  also  in  agreement  with  ani¬ 
mal  studies  reporting  an  xiogenic  effects  of  serotonin,  includ¬ 
ing  higher  tryptophan  hydroxylase  expression  and  extracel¬ 
lular  amygdala  serotonin  levels  in  high -anxious  Wistar  rats 
compared  with  low-anxious  counterparts. ^  Thus,  interpret¬ 
ing  increased  AADC  activity  as  reflecting  serotonin  defi¬ 
ciency  does  not  properly  account  for  the  existing  data. 

In  the  limitations  section,  we  addressed  Dr  Jacobsen's  third 
alternative  (ie*  that  increased  AADC  activity  may  reflect  anoma¬ 
lies  in  n  on  serotonergic  neurons).  While  it  is  true  that  AADC  is 
expressed,  For  example,  in  dopaminergic  neurons,  it  should  be 
noted  that  we  Found  increased  []1C]5-HTPinflux  rate  in  the  ra¬ 
phe  nuclei,  which  contain  very  few  dopaminergic  neurons. 
Also,  PET  work  has  shown  incom  plete  overlap  between  the  i  n~ 
flux  rates  of  f"C]5-l  ITP  and  [uC]DOPA/  suggesting  at  least  some 
degree  of  separation  of  the  serotonergic  from  the  dopaminer¬ 
gic  system  using  [llC]5"HTE 

We  acknowledge  the  difficulties  in  interpreting  PET  data 
of  enzyme  activity  in  terms  of  excess  or  deficiency  given  the 
brain’s  compensatory  and  adaptive  functions.  Nonetheless,  we 
argue  that  increased  activity  in  serotonergic  neurons  is  likely 
reflected  in  increased  AADC  activity  assessed  with  [l,C15- 
HTP,  and  that  our  findings  are  best  interpreted  as  increased 
serotonin  synthesis  in  SAD. 
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Heart  Rate  Variability  and 
Posttraumatic  Stress  Disorder 

To  the  Editor  We  appreciate  the  thoughtful  editorial  by  Shah  and 
Vaccarlno*  in  JAMA  Psychiatry  in  response  to  our  prospective 
investigation  of  the  association  of  predeployment  heart  rate 
variability  (HRV)  with  postdeployment  posttraumatic  stress 
disorder  (PTSD)  in  military  service  personnel.^  We  agree  that 
the  findings  are  in  need  of  replication  by  other  groups,  par¬ 
ticularly  with  attention  to  limitations  inherent  in  HRV  indi¬ 
ces  including  the  low  Frequency  to  high  frequency  ratio,  among 
others*  ^  Shah  and  Vaccariuo1  mentioned  several  concerns, 
briefly  addressed  here. 

The  authors  highlighted  the  attrition  rate  from  predeploy- 
menl  to  postdeployment  (39%  in  the  first  phase  of  the  Marine 
Resiliency  Study  f  MRS- 1 3  and  36%  in  the  second  phase  of  the 
Marine  Resiliency  Study  [MRS-1 1])  as  a  factor  limiting  causal 
inference*  The  t  test  comparisons  between  participants  with 
and  without  a  postdeployment  visit  yielded  no  differences  in 
predeployment  HRVS  PTSD  symptom  scores,  or  Life  Events 
Checklist  scores*  However,  it  remains  possible  that  service 
members  who  did  not  return  for  their  post  deployment  assess¬ 
ment  (eg,  left  the  military  following  deployment)  may  have 
been  a  group  uniquely  affected  by  deployment*  The  main 
causes  of  attrition  were  deployment -related  death,  injury  of 
such  severity  that  postdeployment  return  wilh  the  battalion 
was  precluded,  or  high  mobility  (eg,  change  of  battalion,  as¬ 
signment  to  specialized  training,  discharge  from  the  military, 
and  interference  from  a  civilian  work  schedule).  Of  the  avail¬ 
able  part  ici  pants  for  follow-upp  only  a  very  small  number  ac¬ 
tively  declined  to  participate  in  the  postdeploy  merit  assess¬ 
ment  (4%  in  MRS-I  and  0.04%  in  MRS-11)*  The  MRS  attrition 
rates  matched  other  recent  longitudinal  studies  of  PTSD  in  ser¬ 
vice  members  (40%  in  the  stu  dy  by  Stein  et  aP  and  50%  in  the 
study  by  Polusny  et  al5),  with  causes  of  attrition  (ie,  high 
mobility)  being  similar  across  studies. 
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Letters 


The  authors  also  commented  on  the  lack  of  inclusion  of 
factors  such  as  medical  history,  health  behaviors,  depres¬ 
sion,  and  trauma  history.  Our  access  to  medical  health  rec¬ 
ords  was  incomplete;  however,  it  should  be  noted  that  owing 
to  deployment  requirements,  this  was  a  relatively  healthy 
population.  When  predeployment  Beck  Depression  Inven¬ 
tory  2  scores  were  included  in  the  regression  model,  the  nor¬ 
malized  low  frequency  to  high  frequency  ratio  retained  sta¬ 
tistical  significance  as  a  predictor  of  postdeployment  PT5D 
(odds  ratio,  1.61;  95%  CL  1,11-234;  P  =  -01).  Similar  results  were 
obtained  with  postdeploy meni  Beck  Depression  Inventory  2 
scores.  Likewise,  when  Life  Events  Checklist  scores  were  in¬ 
cluded  in  the  regression,  again  the  low  frequency  to  high  fre¬ 
quency  ratio  retai  ned  i  ts  signi  ficance  (odds  ratio,  1.61;  95%  CL 
1.12-230;  P  -  .01).  Therefore,  we  argue  that  predeployment 
HRV,  although  very  likely  to  be  influenced  by  a  host  of  vul¬ 
nerability  factors,  may  nevertheless  hold  independent  value 
in  understanding  PTSD  risk  and  resilience.  We  look  forward 
to  replication  and  extension  of  these  findings,  which  may 
ultimately  provide  new  targets  for  prevention  and  treatment. 
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Error  in  Author  Affiliations:  In  the  Original  Investigation  titled  Use  of  Lithium 
and  Anticonvulsants  and  the  Rate  of  Chronic  Kidney  Disease:  A  Nationwide  Popu¬ 
lation-Based  Study." 1  published  online  November  4, 2015.  and  also  in  the  Decem¬ 
ber  2DI5  print  issue  of  JAMA  Psychiatry ,  there  was  an  error  in  the  author  affilia¬ 
tions,  Tire  fourth  affiliation  should  have  read,  'Department  of  Psychiatry,  Aalborg 
University  Hospital,  Aalborg,  Denmark  (Lirtit)T  This  article  was  corrected 
online, 
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have  significant  trait  association  with 
activation  of  the  renin-angiotensin  system 
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Abstract 

Background:  Plasma  coagulation  Factor  Xlla  (Hageman  factor;  encoded  by  FI  2)  and  kallikreln  (KAL  or  Fletcher 
factor;  encoded  by  KLKBJ)  are  proteases  of  the  kallikerin  kinin  system  involved  in  converting  the  inactive  circulating 
prorenin  to  renin.  Renin  is  a  key  enzyme  in  the  formation  of  angiotensin  If  which  regulates  blood  pressure,  fluid  and 
electrolyte  balance  and  is  a  biomarker  for  cardiovascular,  metabolic  and  renal  function.  The  renin-angiotensin  system  is 
Implicated  in  extinction  learning  in  posttraumatic  stress  disorder 

Methods  &  Results:  Active  plasma  renin  was  measured  from  two  independent  cohorts-  civilian  twins  and  siblings,  as 
well  as  U.S,  Marines,  for  a  total  of  1,180  subjects.  Genotyping  these  subjects  revealed  that  the  carriers  of  the 
minor  alleles  at  the  two  loci-  FI 2  and  KLKBJ  had  a  significant  association  with  reduced  levels  of  active  plasma 
renin.  Meta-anatyses  confirmed  the  association  across  cohorts.  In  vitro  studies  verified  digestion  of  human  recombinant 
pro-renin  by  kallikreln  (KAL)  to  generate  active  renin.  Subsequently,  the  active  renin  was  able  to  digest  the  synthetic 
substrate  anglotensinogen  to  angiotensin-L  Examination  of  mouse  Juxtaglomerular  cell  line  and  mouse  kidney 
sections  showed  codocalization  of  KAL  with  renin.  Expression  of  either  REN  or  KLKBl  was  regulated  in  cell  fine 
and  rodent  models  of  hypertension  in  response  to  oxidative  stress,  interleukin  or  arterial  blood  pressure  changes. 

Conclusions:  The  functional  variants  of  KLKBJ  (rs3733402)  and  FI2  (rs180102G)  disrupted  the  cascade  of  enzymatic 
events,  resulting  in  diminished  formation  of  active  renin.  Using  genetic,  cellular  and  molecular  approaches  we  found 
that  conversion  of  zymogen  prorenin  to  renin  was  Influenced  by  these  polymorphisms.  The  study  suggests  that  the 
variant  version  of  protease  factor  Xlla  due  to  the  amino  acid  substitution  had  reduced  ability  to  activate  prekalllkrein 
to  KAL  As  a  result  KAL  has  reduced  efficacy  in  converting  prorenin  to  renin  and  this  step  of  the  pathway  leading  to 
activation  of  renin  affords  a  potential  therapeutic  target. 

Keywords:  FXIIa  (active  protease  encoded  by  gene  FI2  or  Hageman  factor),  Kallikrem/KAL  (active  protease  encoded  for 
by  gene  KLKBl  or  Fletcher  factor),  rs3733402,  rs  1801020,  PT5D  (posttraumatic  stress  disorder),  Hypertension 
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Background 

Hypertension  is  a  global  public  health  issue  and  contributes 
to  the  burden  of  heart  disease,  stroke,  kidney  failure  and 
premature  mortality  (13  %  of  total  deaths  worldwide)  [If 
The  kidney  serves  as  a  major  organ  for  maintaining 
normal  blood  pressure  (BP)  and  the  local  renal  renin 
angiotensin  system  (R AS)  pathway  acts  as  the  master 
regulator  of  renal  function  during  hypertension  [2—4],  The 
renin-angiotensin 'aldosterone  system  (RAAS)  is  a  signaling 
pathway  responsible  for  regulating  the  body's  blood  pres- 
sure  [5-8],  Stimulated  by  low  BP  the  kidney  releases  renin, 
this  triggers  a  signal  transduction  pathway  generating  even¬ 
tually  angiotensin  li  that  causes  vasoconstriction*  leading  to 
increase  in  BP,  Several  cardiovascular  th  era  pies  for  high  BP, 
target  the  RAAS  system  and  these  therapies  are  now  being 
explored  for  their  efficacy  in  treating  PTSD  (9,  10]. 

The  juxtaglomerular  (]G)  cells  in  the  kidney  express 
renin  a  member  of  the  aspartyl  protease  family.  It  is  the 
limiting  enzyme  in  RAS  pathway  that  converts  angioten- 
smogen  to  angiotensin  I  (Ang  1)  [  11  [.  Renin  production 
is  tightly  regulated  at  the  transcriptional  level  and  the 
active  renin  is  released  into  the  circulation  through  reg¬ 
ulated  exocytosis  [11,  12].  About  80  %  of  the  renin 
present  in  plasma  is  in  an  enzymatically  inactive  form 
called  pro-renin.  Kidney  processes  inactive  pro- renin  to 
renin  and  is  the  major  source  of  circulating  active  renin 
in  humans.  The  plasma  renin  concentration  contributes 
significantly  to  cardiovascular  and  renal  diseases  like 
hypertension,  coronary  heart  disease,  and  chronic  kidney 
disease  [13],  Thus  the  conversion  of  pro-renin  to  renin 
is  a  potential  regulatory  site  for  therapeutic  intervention. 

We  studied  the  effect  of  the  KLKBl  (located  on 
chromosome  4)  missense  variant  rs3733402  (Asnl24Ser) 
on  circulating  levels  of  active  renin  and  observed  that 
homozygous  carriers  of  the  minor  allele  (Ser/Ser)  dis¬ 
played  lower  levels  of  active  renin  [14],  In  vitro  proteolysis 
and  cell  biology  indicated  that  pro- renin  was  a  substrate 
for  plasma  kallikrcin  (KAL).  The  KAL-  activated  renin  in 
turn,  was  able  to  cleave  substrate  angiotensinogen  to 
angiotensin  1  the  precursor  for  vasoconstrictor  angioten¬ 
sin  1L  Situated  on  chromosome  5,  the  coagulation  factor 
F12  S'-UTR  variant  rs  18010211  also  showed  significant  as¬ 
sociation  with  plasma  levels  of  active  renin.  The  FI 2  locus 
encodes  for  the  FXIla  protease  responsible  for  converting 
pre-kallikrem  to  KAL.  The  possible  implication  of  the  in¬ 
trinsic  coagulation  system  and  the  Fibrinolytic  system  in 
renin  activation  has  been  discussed,  In  both  the  independ¬ 
ent  cohorts  a  strong  association  was  observed  between 
levels  of  active  rerun  and  occurrence  of  the  minor  alleles. 

Methods 

Twin  and  sibling  subjects 

Twin  and  sibling  participants  (TSP)  for  the  human  study 
were  recruited  from  southern  California  by  access  to  a 


population  birth  record  based  twin  registry  [15],  as  well 
as  by  newspaper  advertisement  |16|.  The  University  of 
California  San  Diego,  Institutional  Review  Board  pro¬ 
vided  approval  for  the  study  and  each  subject  or  the 
parent  of  the  minor  subjects,  gave  written  informed 
consent.  A  subset  of  381  individuals  of  the  TSP  popula¬ 
tion  was  randomly  selected  and  included  60  dizygotic 
(DZ)  and  160  monozygotic  (MZ)  twin  pairs.  Zygosity  of 
twins  was  confirmed  genetically  by  use  of  microsatellite 
and  single  nucleotide  polymorphism  (SNP)  markers  (16). 
Initially  ethnicity  was  established  by  self  identification, 
including  information  on  geographic  origin  of  both  par 
ents  and  all  four  grandparents,  and  only  individuals  of 
Caucasian  or  Hispanic  ancestry /ethnicity  are  included 
here.  The  age  of  the  subjects  ranged  from  14  to  78  years, 
with  a  median  of  39.  Pheno typing  (biochemical  and 
physiological)  was  conducted  as  previously  described  [161. 
All  of  the  381  TSP  subjects  with  both  genotypes  and  phe¬ 
notypes  were  included  in  the  analyses  (see  below). 

Molecular  genetics,  genomic  DMA  and  genotyping 
Genomic  DNA  was  extracted  from  leukocytes  in  EDTA- 
a  n  t  i  coag  ul  a  ted  b  l  o  od  after  p  ro  te  i  n  ase  -  K  d  iges  Li  o  n  o  f  p  ro  - 
terns,  by  adsorption /elution  from  Qiagen  columns,  as 
previously  described  [16],  and  genotyped  for  592312 
SNPs  using  the  filumina  610-Quad  genotyping  array  and 
passed  final  quality  control  (QC:  see  below).  For  each 
MZ  twin  pairs,  only  one  individual  underwent  GWAS, 
and  the  genotype  information  was  used  for  both  mem¬ 
bers  of  MZ  twins.  During  analysis*  family  structure  was 
accounted  for  in  MERLIN  (see  below). 

Biochemical  assay  of  active  renin  in  human  plasma 

ED TA -a n ticoagu late d  plasma  samples  were  collected 
from  seated  subjects,  and  stored  frozen  at  -70  "C  until 
assayed.  Circulating  active  renin  was  quantified  at  room 
Lemperature  for  3  hours  with  a  2-site  IRMA  [17]  wherein 
the  mouse  monoclonal  anti  human  renin  antibody  was 
specific  for  a  renin  epitope  formed  after  excision  of  active 
renin  from  pro-renin  (DSL,  Webster,  TX;  DSL-25100);  the 
active  renin  assay  sensitivity  was  -0,48  pg/ml*  with  intra¬ 
assay  coefficients  of  variation  from  1 ,4-43  %,  and  inter¬ 
assay  coefficients  of  1 ,9-3,0  %♦ 

Genetic  association  analyses 

To  test  SNP  on  phenotype  effects  with  explicit  account¬ 
ing  for  family  structure  for  the  TSP  cohort,  MERLIN 
v  1 ,  L2  (h  ttp:  / /www  .sp hmtn i  ch.edu/csg/a becasis/  mer  I  i  n  / ) 
was  used.  As  an  additional  QC  step,  unlikely  genotypes 
based  on  expected  inheritance  patterns  were  removed 
using  Merlin's  Pedwipe  procedure.  A  maximum  likeli¬ 
hood  estimation  test  of  a  variance  components  model 
was  used,  incorporating  a  variance- covariance  matrix 
that  allows  for  family  relatedness,  including  twin  status* 
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to  be  modeled  and  appropriately  controlled  for  in  the  as¬ 
sociation  test.  In  addition,  age,  gender,  and  the  first 
MDS  component  were  included  as  covariates.  A  stand¬ 
ard  criterion  of  p<5x!0  H  across  the  genome  was  used 
to  indicate  significance  of  single  SNPs  on  traits*  The 
"Manhattan"  plots  visualized  results  across  the  genome, 
as  well  as  local  "SNAP"  (SNP  Annotation  and  Proxy 
Sea  rt  h )  p  lots  (IS]  <  h  t  tp :  /  /  www .  b  readjust  i  t  ute.o  rg/  m  pg  / 
snap/ldplot.php>. 

Replication  Marine  Resiliency  Study  (MRS) 

We  also  measured  active  plasma  renin  (by  ELISA)  in 
samples  from  799  healthy  unrelated  male  Marines  from 
the  Marine  Resiliency  Study  (MRS)  with  available  geno¬ 
types  [19],  The  method  for  genotyplng  of  MRS  subjects 
has  been  detailed  earlier  [20,  21 J*  In  brief,  ge  no  typing 
was  carried  out  using  the  HumanO mnlEx press Exo me 
(HOKE!  array  with  951 J  17  tod  from  lllumina  (http:// 
wwwuUumina.com/},  resulting  in  a  high  initial  locus  suc¬ 
cess  rate  and  overall  data  quality'.  Additional  data  clean¬ 
ing  was  performed  in  PUNK  vL07  [22],  using  standard 
procedures.  All  subjects  included  here  were  active  duty' 
male  and  of  European  ancestry  f 23],  All  subjects  pro¬ 
vided  written  consent  for  the  genetic  study*  Association 
of  plasma  renin  activity  with  genotypes  were  performed 
using  a  linear  regression  in  PUNK  (vJ,07)  using  age  and 
3  principal  components  (PCs)  to  correct  for  population 
stratification  as  covariates*  We  used  the  Genetic  Power 
Calculator  from  Purcell  et  al.  to  estimate  power  [24], 
Based  on  an  effect  size  estimate  of  l  %  of  variance  ex¬ 
plained  by  a  candidate  variant,  we  estimate  that  we  bad 
83  %  power  to  detect  an  effect  of  SNP  on  renin  levels  at 
an  alpha  level  of  0.05,  given  the  number  of  samples 
available  in  the  MRS.  Furthermore  we  estimate  that  we 
would  have  >94  %  power  to  detect  an  effect  of  this  size 
in  a  meta-analysis  of  the  MRS  and  TSP. 

Meta-analyses 

Results  from  the  TSP  and  MRS  data  were  combined  in 
an  inverse  variance  and  weighted  fixed-effect  meta- 
ana  lysis  was  carried  out  using  METAL  [25], 

Protein  chemistry  and  enzymolog y 
Digestion  of  recombinant  human  pro-renin  by  human  KAL 
Recombinant  human  pro-renin  (5  pM)  (Cayman  Chem¬ 
ical,  catalog  number  10007599)  was  digested  with  prote¬ 
ase  human  KAL  (kallikrein,  human  plasma,  Calbiochem, 
EMD  Mill! pore,  catalog  number  420307,  specific  activity 
15  U/mg  protein)  (1  pM)  at  37  DC  for  15  min  in  12  pi  of 
reaction  volume  with  assay  buffer  (50  mM  Iris,  pH  7*5, 
NaCl  250  mM).  The  reaction  was  terminated  by  adding 
aprotinin  (2  pM),  purified  by  ZipTip  (small  C-18  column) 
and  then  analyzed  by  MALDl-TOF.  For  SDS-PAGE,  pro- 
renin  was  incubated  in  absence  or  presence  of  KAL  as 


mentioned  above  lor  2  hours,  and  analyzed  on  10  % 
or  4-12  %  (gradient)  NuPAGE  gels* 

Digestion  of  renin  substrate  angiotensinogen  (AGT)  with 
KAL-activated  renin 

Human  pro- renin  (5  pM)  was  digested  with  KAL  (1  pM) 
in  50  mM  Tris,  pH  7*5  and  NaCl  250  mM  in  a  volume 
of  12  pi  for  15  min  at  37  *C,  as  mentioned  above  in  the 
first  step.  In  the  second  step,  12  pi  of  sodium  acetate 
buffer,  pH  5.5  containing  angiotensinogen  synthetic  tet- 
radecapeptide  (14  amino  adds;  DRVYIHPFHLjVlHN) 
(Phoenix  Pharmaceuticals,  Inc.)  was  added  (in  final 
concentrations  of  sodium  acetate  0.2  M  and  tetradeca- 
peptide  10  \iM)t  and  further  incubated  for  another 
15  min  at  37  °C*  The  reaction  digests  were  then  purified 
through  ZipTip  adsorption/elution,  and  were  analyzed 
by  MALDl-TOF. 

MALDt-TOF  analysis 

MALDl-TOF  analyses  were  performed  as  described  before 
using  3  PE  Biosystems  Voyager  DeSTR  MALDl-TOF  mass 
spectrometer  (Applied  Biosystems,  Foster  City,  CA)  [26]. 
Resulting  peptide  masses  were  analyzed  in  the  Protein - 
Prospector  Program  (<http;//prospector*ucsfedu>)  to 
identify  the  possible  fragments  of  the  respective  proteins. 

Identification  of  active  renin  and  pro-renin  protein  bands  in 
KAL  digests,  analysis  by  LC-MS/MS  sequencing 

Gel  slices  were  cut,  processed  for  in-gel  trypsin  diges¬ 
tion  and  the  extracted  peptides  were  analyzed  by 
reverse- phase  liquid  chromatography  (LC)  in  combin¬ 
ation  with  tandem  mass  spectrometry  using  electro¬ 
spray  ionization  with  a  QSTAR-Elite  hybrid  mass 
spectrometer  (AB/MDS  Sciex)  as  described  before  [27], 
Peptide  identifications  were  made  using  the  Paragon  algo¬ 
rithm  executed  in  Protein  Pilot  2.Q  (Life  Technologies). 

Amino  acid  sequence  analysis  by  TOF/TOF 

Tandem  mass  analysis  (MS/MS)  for  sequencing  was  per¬ 
formed  on  a  4800  MALDI-TOF-TOF  mass  spectrometer 
(Applied  Biosystems)  as  described  before  |26). 

Mouse  juxtaglomerular  cell  culture 

Mouse  kidney  juxtaglomerular  cells  As4,l  (ATCC  *  CRL- 
2193"')  were  grown  in  DM  EM  high-glucose  (GIBCO)  with 
10  %  FPjS  and  Pen  id  Hi  n  /s  trepto  mycin/glutamin  e  media  at 
37  *C  w  ith  5%  CO* 

Co-localization  of  Renin  and  KAL  by  immunofluorescence 
Mouse  CRL-2193  (As4.1)  juxtaglomerular  cells 
Cells  were  grown  on  cover  slips,  washed  writh  PBS  and 
were  fixed  with  2.5  %  paraformaldehyde  in  PBS  for 
20  min  at  room  temperature,  Cells  were  then  perme- 
abilized  with  0.5  %  Triton  in  PBS  for  10  min  at  room 
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temperature*  Cells  were  blocked  using  5  %  BSA  in  PBS 
for  30  min  followed  by  primary  antibody  incubation 
[rabbit  anti  KAL  (1:100,  Bioss)  and  goat  anti  renin 
{1:100*  Santa  Cm 7.  Biotechnology)]  in  2  %  BSA  for  2  hr 
at  room  temperature.  Coverslips  were  washed  3  times 
5  min  each  and  then  incubated  with  secondary  anti¬ 
body  Alexa  Fluor  488  nm  (green)  coupled  to  donkey 
anti  rabbit  (1:250,  Invilrogen)  and  Alexa  Fluor  594  nm 
(red)  donkey  anti  goat  (1:350,  Invitrogen)  along  with 
Hoechst  33342  (nuclear  stain:  1  pg/mL)  in  1  %  BSA  for 
l  hr  at  room  temperature.  Coverslips  were  washed  and 
mounted  on  glass  slide  using  Slowfade-antifade  (Mo¬ 
lecular  Probes).  Images  were  acquired  on  a  Delta  Vision 
deconvolution  microscope  and  SoftWorx  software  (Ap¬ 
plied  Precision,  Issaquah,  WA),  using  6Qx  objective  as 
described  previously  [28]. 

Mouse  kidney  immunohistochemistry 
Formaldehyde- fixed  paraffin-embedded  kidney  tissue  sec¬ 
tions  were  cleared  of  paraffin  and  hydrated  through 
graded  alcohol  and  boiled  in  100  X  for  20-30  min  for 
antigen  retrieval  [29]*  After  permeabi fixation  and  blocking, 
sections  were  incubated  overnight  at  4  “C  with  primary 
antibodies  to  renin  and  KAL,  followed  by  incubation  with 
Alexa  Fluor  secondary  antibodies  as  described  above*  Im¬ 
ages  were  captured  on  a  Delta  Vision  deconvolution 
microscope  using  2 Ox  objective, 

REN  and  KLKB 1  mRNA  expression  in  organs  and  cells 

Tran.scr  ip  tomes  of  mouse  adrenal  gland  from  mouse 
strains  blood  pressure  high  (BPH)  and  blood  pressure 
low  (BPL)  (each  in  triplicate)  |30|;  rat  adrenal  gland 
(SHR  and  WKY  strains,  each  in  triplicate)  131 J  and 
mouse  As4.1  juxtaglomerular  cells  (in  duplicate)  [32] 
were  profiled  by  microarray  analysis  as  previously  de¬ 
scribed,  and  data  are  available  at  NCBI  GEO.  Data  were 
globally  normalized  to  median  expression,  and  then  ana¬ 
lyzed  statistically* 


Statistical  analyses 

The  results  were  expressed  as  mean  ±  one  SEM*  Mul¬ 
tiple  comparisons  were  made  using  one-way  ANOVA 
followed  by  Bon fer rani  post  hoc  tests,  or  by  Lwoway 
ANOVA  using  Kaleidagrapb  (Synergy  Software,  Reading, 
PA).  Statistical  significance  was  concluded  at  p  <  0*05. 

Results 

Meta-analysis  of  genetic  association  for  polymorphisms  at 
the  FI 2  and  KLKB1  loci  and  active  renin  concentration  in 
plasma 

The  best' characterized  functional  polymorphism  at  the 
KLKBI  locus  rs3733402  results  in  loss- of- function 
amino  acid  substitution  Asnl24Ser  [33]_  This  substitu¬ 
tion  in  ihe  apple  2  domain  impairs  binding  and  digestion 
of  the  classical  substrate  HMWK  (high  molecular  weight 
kini nogen)  [14].  At  the  F72  locus,  the  rs 1 80 1020  poly¬ 
morphism  is  in  the  S'-UTR  (C46T)  creates  a  new  up¬ 
stream  translational  start  codon,  thereby  attenuating 
formation  of  the  authentic  FI2  protease  [34]. 

Since  these  proteases  are  part  of  the  kallikrein-kinin 
system  and  interact  with  each  other  at  the  molecular 
level,  we  looked  at  genetic  association  of  the  poly¬ 
morphisms  described  above  with  levels  of  active  renin 
in  plasma.  The  effect  of  the  human  polymorphisms 
r$3733402  in  the  KLKBI  locus  and  the  rs  1801020  in 
FJ2  locus  were  very  significant  on  the  active  renin 
levels  in  plasma  of  both  the  TSP  and  MRS  popula¬ 
tions  {Table  l,  Fig*  1),  In  both  arses,  minor  alleles 
were  associated  with  low  levels  of  active  renin  in  the 
plasma  {Fig.  1J*  Meta-analysis  combining  the  TSP  and 
one  independent  population  (MRS)  for  a  total  of  n  -  1.180 
subjects*  indicated  allelic  effects  consistent  in  magnitude 
(beta,  or  effect  size  per  allele)  and  direction  (sign  on  slope) 
across  populations,  The  overall  slope  of  the  meta-analysis 
regression  for  rs3733402  and  rs  180 1020  was  beta  -0*055 
and  0.057,  with  SE  =0.014  (p  =  6.83  x  10'r>)  and  =  0.016 
(p  =  0*0003)  respectively  (Table  1). 


Table  1  Meta-analysis  of  the  effect  of  KLKBI  and  FI 2  genetic  polymorphisms  on  generation  of  active  renin  in  human  plasma 
KLKBI  <rs3733402) 


Cohort 
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SE 
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-0.071 

0,025 

0.005 

0,5 

20.42% 
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G 
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-0.048 
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0.47 
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“0.061 

0,051 

0.0459 

0,23 

4,53% 

3375% 

61.67% 

0.514 

0,426 

MRS 

A 

G 
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-0,065 

0.01  s 

0.0026 

024 

6.14% 

35.71% 

58.15% 

0339 

0.0561 

Meta- analysis 

A 

G 

11/9 

-005/ 

0*016 

0.0003 

024 

0 

0.947 

A1/A2:  effect  allefe/non  effect  allefe,  N;  erupts  size,  BFTA:  estimated  beta  coefficient,  SE:  standard  error  of  beta,  ?:  p- value  for  beta,  MAP:  minor  allele  frequency, 
HctP;  p  value  for  Cothran's  Q  statistic,  HetlSn:  F  heterogeneity  index,  TSP;  i win  &  sibling  participants,  MRS;  Marine  resiliency  study 
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1  Significance: 

F12  p={LQQ33 

- *  KLKB1.q-Q.QQZB 
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FI 2:  T- 24%/C -76%;  HWE  p=04S 
KLKBV  G -4 8%/ A- 52% ;  HWE  p=Q  47 


Plasma  active  renin  (pg/ml)* 

FI 2  (rsl  801020.  5’-UTR  C46T)  effects 

Fig.  1  Effect  of  polymorphisms  In  the  KLKB J  (Asn1245er)  and  FU 
(S*  UTP  C46T)  loci  on  circulating  levels  of  active  renin  in  UCSD 
Iwfns/sibHngs  and  in  MfiS  subjects  Polymorphisms  a  I  FT2  and  KLhBI  loo 
influenced  plasma  active  renin  levels  in  two  independent  cohorts  civilian 
and  manner  Each  SNP  was  in  Hardy -Weinberg  equilibrium  with  p  >  CXG5 


Digestion  of  human  recombinant  pro-renin  with  kallikrein 
(KAL)  yields  active  renin  and  the  pro-peptide  byproduct 

MALDI-TOF  analysts  of  KAL  digested  pro-renin  dis¬ 
played  two  peaks  of  mj'i  36,861  and  5100,  corre¬ 
sponding  to  the  theoretical  masses  of  active  renin  and 
pro-peptide  respectively  (Fig,  2,  lower  panels).  In 


control  reaction  where  pro-remit  was  incubated  in 
absence  of  KAL,  MS  chromatogram  showed  a  single 
peak  of  m/z  44,255,  representing  the  intact  pro- renin 
(Fig.  2,  upper  panel).  In  order  to  identify  the  se¬ 
quence  of  the  digested  products,  the  digestion  mix¬ 
ture  was  subjected  to  SDS-PAGE  on  a  10  %  gel  to 
separate  high  molecular  weight  pro-renin  and  active 
renin,  and  on  a  412  %  gradient  gel  to  separate  low 
molecular  weight  pro- peptide  fragment,  A  faster  mi¬ 
grating  band  compared  to  that  of  pro- renin  appeared 
only  in  Lhe  KAL  digested  sample  (Fig.  3a,  marked 
with  arrow  2),  Generation  of  a  low  molecular  weight 
fragment  of -5  kDa  was  evidenced  after  digestion  of 
pro- renin  with  KAL  (Fig.  3a,  right  panel,  marked  with 
arrow  3).  Fragments  marked  with  arrow  2  and  3  were 
cut  out  from  the  gel,  trypsin  digested  and  subjected 
to  LC-MS  analysis  for  identification.  Peptides  identi¬ 
fied  from  gel  fragment  3  showed  significant  coverage 
on  the  N  and  C- terminal  of  pro- peptide  sequence 
(Fig.  3b),  whereas  same  from  gel  fragment  2  showed 
coverage  on  active-renin  (Fig.  3b),  Since  LC-MS  analysis 
from  gel  fragment  3  identified  some  active  renin  sequence 
and  gel  fragment  2  identified  some  pro- peptide  sequence, 
we  quantified  the  data  by  normalizing  the  total  sum  of 
spectra  for  pro-peptide  and  active  renin  observed  in  gel 
fragment  2  and  3  by  their  amino  acid  length.  Quantifica¬ 
tion  of  mass  spec  data  showed  a  significant  enrichment 
(400- fold)  of  pro- peptide  to  active  renin  ratio  in  gd  frag¬ 
ment  3  over  gel  fragment  2  (Fig,  3c). 


Pro-renin 
(no  digestion) 


Active 

renin 


KAL 

digestion 


Pro¬ 

peptide 


Mass  (m/z) 


Fig.  2  Mass  spectrometric  analysis  of  the  KAL  digested  samples  of  recombinant  pro -renin.  Recombinant  pro  renin  was  incubated  fn  absence 
(tippet  panel)  or  presence  (middle  and  bottom  panel)  of  KAL  rn  the  assay  buffer  as  mentioned  before,  The  digestion  mixture  was  acidified  and 
purified  through  ZipTip  and  subjected  to  MALDI-TOF  analysis  in  linear  mode.  Observed  masses  were  compared  with  the  theoretical  mass 
predicted  by  FmteinProspecior  program  and  are  shown  m  the  table 
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Cleavage  of  human  Pro- renin  by  KAL: 

Peptide  coverage  during  LC-MS/MS- 
Peptides  identified  by  MS/MS  in  bold  type. 

Template;  UniPtotKH  POO 79 7  (RENI_HUKAfl) . 

Pro- Pept ide : 

LFTPTTTFKRI FLKRHP5 I  RES  LKERCWRHAitLCFEWSQPMKR 
Active “Ren ins 

LTLGNTTS  S  V I  LTRYKDTgVfC  E 1G1 GTP  PQTF  KWFDTGS  SNVWVPSS  KC  S  F  L  TT AC VY 

HKLF  DAS  DS  SSY  K  HNGTELTLRY  STGT VSCFLSQ  D  Jl  T  VGC I  TVTQMFGEVTEK  PAi.PFM 
LAEF  DGWGMG  F I EQATGR VTP IFDNII SQGVLXEBVFSFY  YRRDSENSQS  LGGQ I VLGG 
SD  FOH  YEGNFHY I N L I KTG  V WQ  X QWKG VS VGS  STLLCE  DGCLAL  V  DTG AST  I S  GSTSS I E 
KL MEALG AK  KftLF  D  XWKCNEG  PTLPDI  S  FHLGQ  KEY  TL.TS  A  D YVFQES  ¥SS  KK  LC  TLA  I 
H AMD IF  PPTGPT  WA  LGAT  FTFKFYTEFDPRKHRI GF ALAR 


C  QuandTi  cation  of  Mass  spec  data.  Gel  bands  2  and  3  were  subjected  to  trypsin  digestion  and  LC- 

MS/M5  analysis.  Total  Sum  represents  the  sum  of  each  peptide  hVt  with  confidence  99  %, 
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Fig.  3  Molecular  mass  analysis  of  fragmenis  generated  by  KAL  digestion  of  pro  rentn,  identification  of  active  renin  and  pro- peptide  fragments, 
a  Recombinant  pro -rerun  was  digested  with  KAL  as  described  in  Fig,  2  and  subjected  to  SDSPAGL  10  %  gel  (left  panel)  for  separation  of  active 
renin  from  pro-rentn  and  4-l2  %  gel  (right  panel)  for  identification  of  lower  (~5  kDa)  fragment).  Fragments  were  numbered  as  T  (pro  rerun),  2 
(active  renin)  and  3  (pro -peptide),  Ml  and  M2  are  5DSPAGE  molecular  weight  standards  in  broad  range  and  Sow  range  respectively  b  Fragment 
2  and  3  were  cut  out  and  subjected  to  trypsin  digestion  and  LC  MS/MS  analysis  separately  for  identification,  Peptide  coverage  (bold  type) 
identified  by  MS/MS  in  the  termini  of  pro  peptide  (from  fragment  3)  and  active  renin  (from  fragment  i)  is  shown  c  Ouamificaiion  of  the  MS 
data.  The  total  sum  ol  pro  peptide  and  active  renin  spectra  observed  were  normalized  by  the  amino  acid  (engih  (43  for  pro  peptide  and  340 
for  the  active  renin)  to  represent  the  pro  peptide  to  acifve  renin  ratio  in  gel  fragments  2  or  3 
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KAL  digested  pro-renin  cleaves  angiotensinogen  substrate 
to  generate  angiotensin  1 

Active  renin  digests  substrate  angiotensinogen  to  gen¬ 
erate  angiotensin  I  (Ang  t).  We  tested  the  ability  of 
KAL  digested  pro- renin  to  digest  angiotensinogen. 
The  pre-angiotensinogen  1-14  tetra  deca  peptide 
(AGT)  was  incubated  with  the  KAL- digested  pro- 
renin.  Analysis  of  the  digestion  reaction  containing 
AGT  and  KAL  revealed  one  major  peptide  of  m/z 
1759,9  (Fig.  4a,  upper  panel),  Incubation  of  pro-renin 
with  KAL  followed  by  the  addition  of  AGT  generated 
a  major  peak  of  m/z  1 2%, 81  (Fig.  4a,  lower  panel), 
MS/ MS  analysis  of  the  precursor  mass  1759,9  and 
1296.8  con  finned  the  sequence  of  these  two  peptides 
as  amino  adds  34-47  and  34-43  of  human  angioten¬ 
sinogen  (Fig.  4b),  Quantification  of  MS  data  suggest- 
96  %  generation  of  Ang  I  peptide  in  reaction  containing 
KAL,  pro -renin  and  AGT,  whereas  only  24  %  in  presence 
of  pro- renin  and  AGT  and  8  %  in  presence  of  KAL  and 
AGT.  ilie  generation  of  Ang  I  or  AGT  l -10  peptide  of 


m/z  1296.8  was  not  detected  in  digestion  reactions  con¬ 
taining  only  KAL,  pro- renin,  AGT  or  in  KAL  and  pro- 
renin  combination  (Fig.  4cJ, 

Renin  co-tocalized  with  KAL,  in  kidney  JG  cells  and  their 
renin  secretory  granules 

Immunofluorescence  experiments  of  mouse  juxtaglo¬ 
merular  cells  (Fig,  5a)  as  well  as  in  mouse  kidney  sec¬ 
tion  (Fig.  5b),  was  used  to  establish  renin's  subcellular 
co-localization  with  its  processing  enzyme  KAL,  The 
immunofluorescence  micrographs  showed  that  renin 
and  KAL  co -localized  partially  as  evidenced  by  the 
orange/yellow  fluorescence  in  the  overlay  figures. 
Pearson  coefficient  of  co  localization  was  0,15  for 
As! .4  cells  and  0,5  for  the  kidney  section. 

Endogenous  expression  of  KLKBJ  and  REN 

After  confirming  by  in  vitro  assay  that  KAL  processed 
prorenin  to  active  renin,  we  analyzed  how  the  expres¬ 
sions  of  KLKBJ  and  REN  genes  might  be  correlated 
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Fig*  4  Generation  of  Ang  \  from  renin  substrate  letradecapepllde  {pre  sngioienstnogen  1—14)  by  KAL  activated  prorenin,  a  A6T  was  incubated 
with  KAi  (upper  panel)  and  with  pro-renin  and  KAL  (lower  panel)  as  described  in  methods  Tbe  reaction  digests  were  purified  through  ZipTip 
and  subjected  in  MALDITOF  analysis  b  T0F/10F  analysis  of  the  precursor  mass  1  ZS9.9  and  U%PB1  c  Quantification  of  the  MS  scans, 
The  %  conversion  of  AGT  0-14  to  I-IQ)  was  quantified  from  the  relative  intensity  of  the  Ang  I  peptide  under  different 
experimental  conditions 


under  various  physiological  conditions.  REN  and 
KLKBI  rnRNA  expression  data  were  collected  and  an¬ 
alyzed  for  in  mouse  As4T  cells  (Fig*  6a)  and  adrenal 
tissues  of  rodent  genetic  hypertension  models;  blood 
pressure  low  {BPL)  and  blood  pressure  high  (BPH) 
mouse  models  and  normotensive  W  is  tar- Kyoto  (WKY) 
and  spontaneously  hypertensive  (SHR)  rat  models  (Fig*  6b). 
In  As4. i  cells  feedback  inhibition  of  renin  expression 
was  observed  by  the  addition  of  interleukin  l-|i  or 
hydrogen  peroxide,  concomitantly  KLKBI  expression 
remained  unaltered.  The  hypotensive  phenotype  of  BPL 
mice  triggered  renin  expression,  -  4  fold  higher  com¬ 
pared  to  hypertensive  BPH  mice.  However  the  expres¬ 
sion  of  KLKBI  did  not  differ  significantly  amongst  BPL 
and  BPH  mice,  The  normotensive  WKY  rats  have  sig¬ 
nificantly  higher  KLKBI  expression  (-5.5  fold)  com¬ 
pared  to  the  hypertensive  SHR  rats  with  more  or  less 
similar  level  of  REN  mRNA  expression  in  both  rat 
models.  Thus  regulation  of  blood  pressure  under 


various  physiological  conditions  may  involve  modula¬ 
tion  in  the  expression  of  either  REN  or  KLKBI, 

Discussion 

In  vitro  studies  have  demonstrated  that  proteases  such 
as  trypsin,  plusmim  pepsin,  kallikrein  and  several  others 
activate  zymogen  pro-renin  to  active  renin  [35-3SJ* 
Studies  before  the  era  of  mass  spectroscopy  suggested 
involvement  of  KLKBI  and  FXlIa  in  pro-renin  proeejis- 
mg  [39-41].  Genetic  variation  at  the  KLKBI  locus  (en¬ 
coding  for  plasma  pre- kallikrein  or  Fletcher  factor;  EC 
3.4.21*34)  was  previously  most  widely  investigated  for 
its  roles  in  coagulation  and  allergy.  We  demonstrate 
using  in  vitro  enzymatic  assay  the  ability  of  active  pro¬ 
tease  KAL  in  processing  pro-renin  — *  renin*  A  second 
association  of  renin  activity  and  the  protease  FI 2  locus 
(encoding  for  Factor  XU  or  Hageman  factor;  EC 
3*4.21*38)  suggests  a  cascade  of  enzymatic  events 
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View 


3D  View 


Fig.  5  Co-JocaKzaiion  of  renin  ard  KAL  in  a  As-  1  (CEL  2193)  jux;aq  omcular  cells  an  j  in  b  Vqus*  kidney:  The  cells  (upper  iwo  panels}  and 
kidney  sections  (lower  two  panels)  were  stained  with  abbit  ami  KA  primary  and  donkey  anti  rabtd  gG  Alexa  fluorMBS  conjugated  secondary 
(green),  and  goat  and  renin  primary  and  donkey  anti  coat  IgG  Flucr*59^  conjugated  secondary  (red)  The  nudes  were  visualized  with  Hoeehst 
33342  dye  (blue).  A  series  of  *y  cpllcal  sections  along  the  z-axfs  was  acquired  using  a60x  ol  i  Time -son  objective  for  cells  and  20*  objective  for 
kidney  section  by  deconvolution  microscopy  and  the  data  set  was  process'd  io  generate  tlree-d  mensional  (3D)  or  representative  xy  section. 

Co  localization  of  KAL  (green  I  and  renin  (red)  rs  shown  by  overlay  of  the  images  (yellow  ItuoresceTcec  Bar  scale  is  5  jjM 
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(FXJIa  — *  KAL)  in  control  of  pro-renin  actuation.  Gen¬ 
eration  of  active  renin  by  the  cascade  thus  provides  evi¬ 
dence  of  a  site  for  BP  regu  ation. 

The  KLKBI  locus  lies  directly  benea  h  a  previously  de¬ 
scribed  LOO  peak  (LCD  =  3/2)  for  f3P  on  chromosome  8 


n  the  genetically  hypertensive  strain  of  mice  (BPH)  [42]. 
We  therefore  explored  the  effects  of  KLKBI  genetic  vari¬ 
ation  upon  format  on  of  active  renin.  While  most  of  the 
KLKBI  single  nucleotide  polymorphisms  (SNPs)  re¬ 
ported  are  located  In  the  non-coding  regions,  rs3733402 
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in  exon  5  results  in  an  amino  acid  substitution 
AsnI24Ser  [14,  33].  This  mutation  in  the  apple 
domain  2  of  heavy  chain  reduces  the  binding  of  KAL 
to  its  substrate  HMWK,  and  therefore  this  SNP  was 
chosen  to  investigate  its  association  with  prorenin 
processing.  Indeed,  an  immunoassay  specific  for  active 
renin  revealed  that  Ser/Ser  homozygotes  had  lower 
circulating  active  renin  (Fig,  I),  consistent  with  dimin¬ 
ished  pro- renin  cleavage  by  a  less  active  Ser  allele* 
Previously,  rs3733402  has  shown  strong  association 
with  pre-pro-cndothelm-1  and  pre  pm-adrenomeduilin  in 
the  Prevention  of  Renal  and  Vascular  End  stage  dis¬ 
ease  (PRE VEND)  study  [43].  In  the  recent  study  by 
Lieb  et  al.  the  top  SNPs  identified  were  rsl2374220, 
an  intronic  variant  in  the  TEN  M3  gene,  rs5030062  in 
the  intron  6  of  kininogen  1  gene  and  rs425331i  in 
intron  LI  of  the  kallikrein  B  (KLKB1)  gene*  The  in¬ 
tronic  SNP  rs425331 1  provided  no  evidence  for  asso¬ 
ciation  with  renin  concentrations  and  explained 
0.87  %  of  plasma  renin  activity  variance  [44].  In  our 
study  JVIALD1  mass  spectrometry  documented  the 
formation  of  active  renin  and  the  pm- peptide  after  di¬ 
gestion  of  pro- renin  with  KAL  (Fig,  2  &  Fig.  3),  Fur¬ 
thermore  the  sub-cellular  co-localization  of  renin  with 
KAL  suggests  molecular  interaction  between  these 
two  proteins  (Fig.  5a  &b).  Renin  im  mu  noreactivity 
has  previously  been  shown  in  the  cytoplasmic  gran¬ 
ules  of  cultured  JG  ceils  and  in  kidney  sections  [45]* 
The  cleavage  sites  involved  in  pro-renin  processing  in¬ 
clude  lysine-arginine,  which  is  the  recognition  site  of 
plasma  kallikrem  [46 J,  Our  genetic  and  biochemical 
data  suggests  an  enzyme-substrate  relation  between 
KAL  and  prorenin.  This  suggests  the  possible  existence 


of  feedback  regulation  at  the  molecular  level  in  the 
events  leading  to  active  renin  generation  by  KAL  and 
BP  regulation. 

KAL  is  a  glycoprotein  that  takes  pail  in  the  surface 
dependent  activation  of  blood  coagulation,  fibrinolysis 
and  kinin  generation.  It  is  synthesized  in  the  liver  and 
secreted  into  Lhe  blood  as  prekallikrein,  which  is  then 
converted  to  active  plasma  kallikrein  by  factor  FXlIa 
[47].  The  C46T  5-UTR  polymorphism  associated  with 
Hageinan  factor  has  been  described  to  be  associated 
with  its  plasma  concentration  and  thrombotic  risk 
[48,  49],  The  KAL  protease  might  catalyzes  the  con¬ 
version  of  HMWK  to  bradykinin  in  one  band,  and 
the  active  renin  on  other  hand.  The  downstream  tar¬ 
get  angiotensin  converting  enzyme  (ACE)  then  modulates 
the  concentration  of  angiotensin  11,  the  key  player  of  the 
RAAS  system,  and  bradykinin,  a  component  of  the 
kallikrein -kinin  system  in  opposite  direction,  therefore  es¬ 
tablishing  a  direct  interaction  between  kallikrein- kinin 
and  renin -angiotensin  system  [50,  51]. 

The  genetic  variation  in  the  F12  and  KLKB1  loci 
directly  affecting  their  amino  acid  sequence  could  ul¬ 
timately  influenced  the  processing,  secretion  or  circu¬ 
lation  of  the  active  renin  protein,  which  in  turn 
mediates  the  BP  phenotype*  Allelic  effects  might  also 
act  on  the  cluster  of  characteristics  associated  with 
cardiovascular  risk  for  which  plasma  renin  is  a  bio¬ 
marker.  In  the  coagulation  system,  it  has  been  re¬ 
ported  that  even  the  homozygous  deficiency  of  the 
KLKB1  loci  results  in  no  discernible  coagulopathy 
[52]*  In  treatment  of  hereditary  angioedema  inhibition 
of  KAL  does  play  a  beneficial  role,  perhaps  by  inhib¬ 
ition  of  bradykinin  formation  [53], 


Fig*  7  Hypothetical  schematic  representing  activation  of  pro  renin  by  a  proteolytic  enzyme  cascade  of  FXlIa  — KA-L,  with  consequences  for 
regulation  of  BP.  Pro-renin  processing  within  the  secretory  granule  of  renal  juxtaglomerular  ceEls  by  sequential  enzymatic  events  catalyzed 
by  F12  and  KAL 
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Advantages  and  limitations 

Here  we  report  a  comprehensive  GW  AS  showing  cor¬ 
relation  between  polymorphisms  at  two  independent 
loci  (KLKB1  rs 373 3 402  and  FI 2  nslS01020)  and 
plasma  renin  activity-  Cellular  and  biochemical  evi¬ 
dence  is  provided  to  establish  that  correlation*  To  our 
knowledge  this  is  the  first  report  of  SNPs  in  two  in¬ 
dependent  loci  with  significant  trait  association  with 
activation  of  renin -angiotensin  system.  This  study  fo¬ 
cused.  on  the  best  characterised  SNP  (r $3733402)  in 
the  exon  5  of  KLKB1  gene*  Although  association  of 
kailikrein  with  renin  activation  has  previously  been 
described,  adequate  information  on  direct  in  vitro 
protease  biochemistry  was  lacking.  Therefore  we  used 
a  mass  spectrometry  approach  to  characterize  in  vitro 
digestion  of  prorenin  by  KAL  to  reestablish  kailikrein 
association  with  pro  renin  processing*  In  the  scenario 
of  this  genetic  association,  the  efficacy  of  digestion  of 
prorenin  by  mutant  KAL  (AspI24Ser)  needs  to  be 
compared  with  that  of  the  wild  type  KAL.  We  have 
not  addressed  in  these  populations  the  active  plasma 
renin  association  with  the  previously  described  tn- 
tronic  variant  at  KLKB1  (rs4253311)  and  other  SNPs. 
Future  studies  will  explore  the  association  of  these 
two  SNPs  with  BP,  renal  and/or  metabolic  traits* 

Conclusion 

Our  findings  draw  attention  to  the  role  of  KAL  as  a 
pro-renin  convertase  and  suggest  a  potential  target 
for  inhibition  of  the  rate-limiting  step  in  the  RAS 
pathway*  Polymorphisms  at  the  KLKB1  (rs3733402) 
and  FI 2  (rs ISO  1020)  loci  are  associated  with  low  ac¬ 
tive  plasma  renin  activity.  Genetic*  cell  and  biochem¬ 
ical  studies  suggest  a  cascade  of  enzymatic  events 
involving  factor  FXIla  activation  of  prekallikrcin  to 
active  kailikrein  in  control  of  pro-renin  activation. 
Thus  plasma  kailikrein  presents  potential  as  novel 
therapeutic  target  for  blood  pressure  regulation  with 
implications  of  KAL  inhibition  for  treatment  of 
hypertension  (Fig*  7). 

Abbreviations 

AGT:  Angtoiensinogen;  Ang  i;  Angiotensin  I;  Ang  IS:  Angiotensin  H,  BP;  Blood 
pressure:  Factor  XII  (FXII  I  'ageman  factor):  protein  encoded  by  gene 
FU:  JG:  Juxtaglomerular.,  KAL  Kalllkrern;  MAh  Minor  allele  frequency, 
MALDI-10L  Matrix  Assisted  Laser  Desorption  Ion  izar  ion/rime  Of  Flight.: 
Prekali  I  krein  (prokalllkretn  Fletcher  Factor):  proiein  encoded  by  gene 
KLKBI;  RAA5:  Renln-angiotensin-aldosterone  system;  SNPs:  Single 
nucleotide  polymorphisms;  TSP:  Twin  and  sibling  panic  I  pants 

Competing  interests 

The  authors  declare  thai  they  have  no  competing  Interests. 

Authors'  contributions 

MB  earned  out  the  biochemical  and  ceil  biology  studies  &  wrote  the 
manuscript;  AXM.  FRKZ  did  the  genetic  and  statistical  analysis;  SAM  did 
immunofluorescence  and  manuscript  preparation;  SK.MM.KZ  &CMI  \  did  the 
biochemical  assays;  Fttf  did  the  vransaiptome  studies;  5KM  helped  in  the 


experlroemal  5 Indies,  PGB  and  CMN  did  The  human  studies  and  helped 
write  the  manuscript  SV  helped  in  study  design,  experimental  ion  and 
writing  of  the  manuscript;  DIQC  conceived  of  ihc  study,  its  design  and 
coordination  and  helped  to  draft  the  manuscript 

Support 

Support  for  these  studio*  came  from  National  Institutes  of  Health  Grants 
RCn  -DKD948SH  Uo  D.T  OL  and  SMVj,  R01MF  OJiMO  UD  CM  Ml  B01HL  HKOT 
(to  5 MV).  Funding  foi  data  *:olfedk>n  from  the  MRS  cohort  came  fiom  Veterans 
Affairs  Health  Service  Research  and  Development  project  SDfi  09-0126,  the 
Marine  Corps,  and  iht?  Navy  Bureau  of  Medicine  and  Surgery  (to  D*G,B), 

Author  details 

1  Depart  mentsol  Medicine  University  of  California  at  San  Diego.  9500  Gilman 
DrMe  La  Jolla  92093-0338,  USA  ’Veteran  Affairs  (VA)  San  Diego  Health  Care 
System  and  VA  Center  of  Excellence  for  Stress  and  Mental  Health,  3350  La 
Jolla  Vrllage  Drive,  San  Diego  92161,  USA  5 Department  of  Psychiatry, 
University  of  California  at  San  Diego,  9500  Gilman  Drive.  La  Jolla  92093-0638, 
USA.  ‘Departments  of  Pharmacology,  Institute  of  Genomic  Medicine, 
University  of  California  at  San  Diego,  9500  Gilman  Drive* !  a  Jolla  920930838* 
USA, 

Received:  5  August  2015  Accepted:  1  March  2016 
Published  online:  II  March  2016 

References 

1  bziaii  M',  Lope/  AO,  Rodgers  A,  Vaiidcr  Hop!  ■  1  $,  Murray  Cl.  Selected  major 
risk  fenots  ami  gkV >.sl  ami  regional  burden  dF disease  _ance:  20Q&360! 

2  Navar  LG,  Intrarenal  renin-angiotensin  system  in  regulation  of  glomeruli/ 
function.  Curt  Gprn  Nephrol  Hypertens.  20 1- 4,253 fl-4  b. 

3,  Sarafidn  I* A.  R1.11  lope  LM  Aggressive  blood  presume  reduction  and 
fenifKinyloteralri  systen  oluJ.adM  in  chronic  kidrtuy  disease  time  for 
te-evalu.it  ron?  Kidney  Int.  7t)14;85(3i;53(M6* 

а.  Munis  BJ,  Rerun,  Genes,  Mic/oWNAs,  and  Renal  Mechanism*  Involved  In 

Hypertension  Hypertension.  2015^5:956-82, 

5.  Zhuo  II.,  Fenao  I  M,  Zheng  Y.  U  XC  Wrw  frontier*  In  Ihc  iirtdfemai 
RenloAngfatiensln  system  a  aftfCal  review  of  ctasfrral  and  pew 
paradigms,  From  Endocrinol  20l3j4:lAG, 

б,  Carey  RM.  In  ag  v  HM.  Newly  recognised  components  of  the  ren  In-angiotensin 
system;  potential  rdev  In  cardiovascular  and  renal  regulation  Enter  Hev. 
2G03;W-26WI- 

7,  Crowley  SD,  Guriev  SB,  Herrera  MJ,  RuH  r,  GniiTihs  K,  Kumar  ap,  et  af. 
Angiotensin  li  causes  hypertension  and  card 'Ac  hypertrophy  through  its 
receptors  in  the  Lrdney.  ^roc  Natl  Acad  Sd  U  $  A  7Q96rt03(4/}:l  /9S5-90, 

3l  Reudelhuber  ”L  Reuddhubei  Intefaaiun  between  prnmnm,  rerun  anu  the 
tpro)  renin  receptor;  time  to  rethink  the  role  in  hypertension,  Lur  upm 
Nephrol  Hypeneni  2013kr2Vl  37-41  _SflC>  OwgleScholar. 

9.  My  lodes  KM,  MKhopoubS  V,  Holhbaum  AO,  Alrfill  L  Gillespfe  CL  Wingo  A 
el  ill  An  a ngrorens'fvcon verting  enzyme  (ACQ  polymorphism  may  mitigate 
the  effec  t uf  angiorensrn-pathway  medications  un  positrawnatiC  stress 
symptumk  Am  )  Med  Genet  B  Neuropsychiatr  Genet.  201 5;  1630:307^1 5 

10,  Brudcy  G,  Park  j,  WladerHewicz  J,  Kobayashi  I,  Wellman  TA,  Marvar  Pj 
Autonomic  and  Inflammatory  Consequences  of  PcsUiaurnarie  streis 
disorder  (FTSD)  and  the  .ink  to  Cardiovascular  Disease.  Am  J  Phvsioi 
ttegul  Integr  Comp  F3hysol  2015. 

I1  Hsueh  WA  JD.  Human  piutenm*  fType/Vensiofi  1991;1  7(4YA{i9-77_ 

17  Castrdp  H,  Hochcrl  K,  Kurt?  A,  Schweda  F,  Tadorov  V.  Wagner  C  Physiology 
of  kidney  renin  Physiol  Rev,  2010*90(2)^07-73. 

13.  Hall  Jt  Thekidney,  hypertension,  and  obesity  Hypertension.  20Q3;4V625-33. 
14  Katsudfi !,  Maruyama  L  Ezaki  K  Sawamura  J,  IHlIhaia  Y  A  new  type  of 
plasma  preMlikmm  deficiency  assodafed  wilh  tmmozygosiTy  fur  GlyiOWg 
and  Asnl24Ser  io  apple  domain  2  of  the  heavy* nain  region  Cur  J 
HwnwTal.  2007;79fl):59-68 

VS.  CdCkhorn  MG,  Hamilton  A  Zadnick  J,  Cozen  W,  Mack  TM  Tb&  occurred  of 
chronrc  disease  and  oihcr  conditions  in  a  large  population -based  cohort  of 
native  Callfomran  twins*  Twin  Res,  7Q02;5(5M60-7 
16*  Zhang  u  Rao  f ,  Werad  J,  Kennedy  BP,  Pwtna  BK,  Taupenot  ^  ei  al.  Functional 
allelic  heterogeneirv  .ind  pleiotropy  of  a  repeal  polymorphism  in  tyrosine 
hydroxylase:  prediaion  Of  catecholamines  and  response  to  stress  in  twtri5 
Physiut  Genomics*  20O4;l9i3);277-91 


Biswas  et  at.  SMC  Medical  Genetics  (2016)  1 7:21 


Page  11  of  1 1 


17  Deinum  J,  Derkx  FH,  Sdhafekamp  MA.  Improved  fmmiwadtometric  assay 
for  plasina  renin,  din  Chem,  1999,45(5  Ft  l):84/-b4 

IS  Johnson  AD,  Handsaker  RF4  Rul't  Si,  Ifeari  MM,  OTonneH  G, de  RaUei 
PIW.  SNAP:  a  web-based  tool  for  identification  and  annotation  of  pro*y 
SNPs  using  KlapMap.  Oiomforroatics  (Oxford  England).  20C3,24Q4};2936“9, 

19  Baker  DG,  Mash  WP,  Litz  BT,  Geyer  MA,  Risbrough  vs,  Nlevergdc CM,  er  at. 

Ff  editors  of  fttsk  and  Resilience  for  Posttraumaric  Stress  Disorder  Among 
Grourid  Combat  Marines,  Methods  of  the  Marine  Ftestltency  Study.  Prov 
Chronic  Dis  2012:9:1 101 H 

20.  Nieves  gelt  CM,  Maihofer  Aft,  Mustap£  M4  Yuroil  KA,  Schoik  NJ.  Miller  MW. 
Genomic  predictors  of  combat  stress  vulnerability  and  resilience  In  US 
Marines  a  genome  wipe  association  study  across  multi  pie  ancestries 
implicates  PftTFDC  i  as  a  potential  PTSD  gene.  Psycltoneuroendocrifrologv 
2014:51:459-/1 

2L  Nievewjdr  CM,  Wineinger  NE.  Ubiger  0,  Pham  PH  Zhang  G,  Baker  DG,  et  al. 
thif>based  diraa  genotvpmg  of  coding  variants  in  genome  wide 
association  studies,  utility,,  issues  and  prospects  Gene.  2014,540(1),  104-9, 

22.  Purcell  5,  Neale  fl4  Todd-Brown  K,  Thomas  Ferrerra  MAH,  (fender  D,  et  al. 
PUNK,  a  tool  set  for  whole-genome  association  and  population-based 
linkage  analyses.  Am  J  Hum  Genet.  20Q7;B1  (35559-7$. 

23  Nteuergdr  CM,  Maihofer  Aft,  ShekhTman  t.  Ubigei  O,  Wang  X,  Kidd  kft,  et  a\ 
Inference  of  human  continental  origin  and  admixture  proportions  using  a 
highly  discriminative  ancestry  informative  4 1-SNP  panel.  Investigative  Genet, 
2Q13;4{1):11 

24.  Purcell  5,  Cherny  SS.  Sham  PC  Genets  Power  Calculator  design  of  linkage 
and  association  genetic  mapping  studies  of  complex  traits  Blornformatlcs, 
3G03;1  :t  49-50. 

25  Wilier  CJ.  li  V,  Abecasis  GH.  MFTAL  fast  and  efficient  mera-analysis  of 
genomewide  association  scans.  Bicinformarlc  (Oxford,  England).  2010; 

26(1 7*2190-2 19 

26.  Biswas  N,  Rodrigues  Flores  JL.  Gourd  M  Gayen  JR,  Va*ngankar  5M,  Malta  fa 
M,  et  at  Cathepsin  L  colocates  with  chrpmogranin  a  in  chromaffin  vesicles 
to  generate  active  peptides,  Endocrinology.  2QG9;15C(8}:3547-57. 

27.  Biswas  N,  These  R5,  Gaycn  JR,  Bandyopadhyay  G,  Mahara  SK.  0TConnor  D T. 
Discovery  of  a  novel  target  for  the  dysglycemic  ehrornogranin  A  fragment 
panCreastfflfrv  interaction  with  the  chaperone  GRP/8  to  influence 
metabolism,  PloS  ONE  2om-e34132. 

23.  Gourd  M,  VasguejE  MS,  Hook  W,  Mahaia  SK,  Taupenot  L.  Sorting  of  the 
neuroendocrine  secretory  protein  Seoeiograrvn  fl  Into  the  regulated 
Secretory  pathway:  role  of  NH  and  C-terminal  alpha-Mical  donna irts.  I  Biol 
Chero.  2005:283(1 7*1 1607-22 

29  Oii  HC,  Matfhtesen  TS4  Gob  SK,  Black  LD,  Kmn  5M4  Netoff  Tl,  er  al 
Perfuslon-deceJI ular^ed  matrix:  usino  natures  platform  to  engineer  a 
bicarbfteat  heart,  Nat  Med  2008,14(2)213-21. 

30.  Friese  ftS4  Ye  C,  Nlevergelt  CM,  Schork  Aj4  Mahapatra  NR,  Rao  F,  &  aL 
Integrated  computational  and  experimental  analysis  of  The  neuroendocrine 
rranscrrptome  in  genetic  hypertension  identifies  novel  control  points  for  the 
cardicmetabofic  syndrome,  tire  Cardiovssc  Genet.  2012;5(4M3O-4Q, 

31  Friese  RSv  Schmid-Sdidnbein  GW,  O'Connor  DT  Systematic  polymorphism 
discovery  after  genome-wide  identification  of  potential  susceptibility  loci  in  a 
hereditary  rodenr  model  of  human  hypertension.  Wood  Press  201  l;TQ£'ft222-3l 

32  Thomason  HA,  3  arson  JM4  Lang  JA4  Gross  KW.  Sigmund  CD.  Tissus*- 
specffic  expression  of  novel  messenger  ribonucleic  acids  cloned  <rom  a 
renin -expressing  kianey  rumor  cell  line  <A$4 1),  Endocrinology  1995; 
136(7)13037-45. 

33,  Yu  H  Anderson  FJ,  Freedman  Bl,  Rich  SS,  Bowden  DW.  Genomic  structure 
of  the  human  plasma  prekallikmin  gene,  identification  of  allelic  variants,  and 
analysis  fr>  end-stage  ^enal  disease.  Genomics.  2000^9(2):225-34. 

34.  Cal 3 fell  F,  Almasy  L,  Sabater-Lleal  M,  Ruil  A.  Mordillo  C  Ramirez-Sonano  \  et 
aL  Sequence  variation  and  genetic  evolution  at  the  human  I  12  locus' 
mapping  quantitative  Trait  nucleotides  that  influence  Fftll  plasma  levels. 

Hum  Mol  Genet,  3QlO;l3f3);5 17-25, 

35  Takahashi  %  Murakami  K,  Miya*^  Y.  Activation  of  kidney  proreivtn  by  kidney 
catbepsin  B  iso^ymei  J  Biochem.  1987^1(1)419^7?, 

36.  Wu  Z,  Capprelio  MG,  Scott  BB,  Bukhtiyarov  Yh  McGeehan  GM  Purificatton 
and  Characterization  of  recombinant  human  renin  for  X-ray  crystallisation 
studies.  BMC  Blochem.  2QQS#19l 

37  Reudelhuber  TL,  Rarnb  D,  Chiu  L,  Mercure  C.  Seidah  NG.  Proteolytic 
processing  of  human  prorenin  n  rena1  and  non- renal  tissues,  kidriey  Ini 
1994:46(6);  1522-4 


IS.  Morris  BA  MtGfrr  JG.  Direct  evidence,  using  Pro-Fhp-ArgCfl2Cf,  thai  pfesama 
kalllkrein  has  a  role  in  acid  activation  of  inactive  renin  3n  plasma  from 
nomnal  subjects,  Blomed  Res.  l9S1;2{5i;552-9. 

39.  Sealery  JF,  Allas  5A,  La  rag  h  ih4  Sitverborq  M4  Kaulan  AM,  Initiation  of  daima 
prorenin  ovtivaUcm  by  Hageman  faciCH-dependeni  conversion  ol  plasma 
prekdUlkrdn  to  kalllkrek  ^roc  Natl  Acad  Stf  U  S  A.  ^7976(1 1):591 4-B. 

4<3.  flumpf  KW.  Seeker  ft,  KreuSCh  Ut  Schmidt  S,  Vetter  R,  ScheJer  F,  Evidence  for 
a  to  it  of  plasirra  kaiktefn  tn  the  activation  of  proter-irr.  NaiureL  1GS0; 
283(5746)482-3 

4'  Oerkx  l  K  Schatebrnp  MP,  Bouma  B,  Klufi  C  Schalekamp  MA  Plasma  katlikra'n- 
mediaied  acrivaiton  of  the  renin-angiotensin  system  does  not  require  prior 
acidification  of  pruienin.  J  Clin  Endocrinol  Metab  V982j54(2)^43*4S. 

42.  Wright  FA,  G'Connor  Dl.  RoLierts  lt  Kutey  G,  Berry  CC  Yoneda  LU,  et  al 
GeiTome  scan  for  blocxJ  pressure  toci  in  mice.  Hypertension.  199934(4  Ml )]; 
625-30, 

43r  Verwe'i  N,  Mahmud  H,  Mateo  Leach  I,  ce  Boer  RA,  Brouwers  FP,  Yu  H, 
et  al.  Genome  wide  aiiociotron  study  on  plasma  levels  of  midredional 
proadienomedulUn  and  C-ternunal-proendoTtielin-t  Hypertension.  7013; 
6H3):602-S, 

44,  Ueh  W,  Chen  M-H,  Teumer  A,  cfe  Boer  RA,  I  in  H,  Fox'  TRr  et  al.  Gengme- 
w)de  neta-analyses  of  plasma  renin  aaivrty  and  concentration  reveal 
assodaiion  with  the  bn i nogen  1  and  prekalfkreln  genes,  trre  Cardiovasc 
Goi-ei.  201 1 31-40. 

45.  Hijnl  MX,  Ramos  5P+  Geary  KM,  Norlfng  LL,  Peach  MJ4  GomeZ1  RA,  et  al. 
Colocal Izatton  and  release  of  arrgiotensin  and  renin  in  renal  conical  cells. 

Am  J  PhySibl.  1992:2630  Pt  2);F  363-/3, 

46  Mettzs  KM  Bossier  Jr  Paquin  J,  Chretien  M,  Se.dab  NG.  Selective  cleavage  of 
proenkeplialirKlerived  peptides  (less  than  23,300  datlons)  by  plasma 
kalllkreitl  J  Biol  Chem  1988^63(25):  12543-51 

4?.  Biorkqviq  J,  Jamsa  A,  Renne  Tt  Plasma  kallikrein:  ;he  bradykintmprodudng 
enzyme.  Thromb  Haemost  2013,110:399-40/ 

48.  Bad)  J,  Cndler  G,  Winkelmann  BR,  Boehm  BO,  Mam  W,  Mannhalter  C,  et  al 
Coagulation  factor  XII  (Fftll)  activity,  activiited  Fftll,  distiJhufion  of  FXW  C46T 
gene  pdymofphisrri  and  coronary  risk  JTH.  2flfl8^6f2):29i-6. 

49.  Soria  JM,  Almasy  U  Souto  JC  Sacq  D,  Bu i I  A,  Faure  A,  ei  a!.  A  quantitative- 
trait  locus  in  the  human  Factor  XII  gene  influences  both  plasma  factor  XII 
levels  and  susceptibility  to  ihroroborit  disease.  Am  j  Hum  Genet  2002; 
70(3X567-74. 

50.  Schmaier  AH.  The  kaliikreiivbnln  and  tin?  tenm-ariOkJtensfn  systems  have  a 
multilayered  interact  loo,  Am  1  Physiol  fegul  integr  comp  Physiol  2003:285 
RI-R13. 

5T  Shen  B,  El-Dahr  SS.  Cross-talk  of  the  renin-angioiensm  arid  kallikreinJfinm 
systems  8iol  Chem.  ?006;3S7(2):1 45-5CL 

57,  Gangrande  PI ,  Six  characters  in  search  of  an  author:  :he  history  of  the 
nomenclature  of  coagulation  factors,  Br  J  Haematol.  2003rl  21;/03-12. 

53.  Gcardl  M,  cevy  flJ,  McMeil  DL  U  HH*  Sheffer  AL,  Campion  M,  et  ah 
Lcall4hl(de  for  the  treatment  of  acute  attacks  in  hereditary  anyloederrm 
N  Engl  i  Med  2010;363(6);5?3-31 


Submit  your  next  manuscript  to  BioMed  Central 
and  we  will  iielp  you  at  every  step: 

•  We  accept  pre-submission  inquiries 

•  Our  selector  tool  helps  you  to  find  the  most  relevant  journal 

•  We  provide  round  the  dock  customer  support 

•  Convenient  online  submission 

•  Thorough  peer  review 

•  inclusion  in  PubMed  and  all  major  indexing  services 
■  Maximum  visibility  for  your  research 

Submit  your  manuscript  at  /\- 

www. bromedcentral.coni/subnn it  \  J  BioMed  Central 


Oupbession  ii vo  dxxttnr  3 S:  192-202  (2016) 


Research  Anicle 


HIGH  AND  LOW  THRESHOLD  FOR  STARTLE 
REACTIVITY  ASSOCIATED  WITH  PTSD  SYMPTOMS 
BUT  NOT  PTSD  RISK:  EVIDENCE  FROM  A  PROSPECTIVE 
STUDY  OF  ACTIVE  DUTY  MARINES 


Daniel  E.  Glenn,  Ph.D.,u*t  Dean  T.  Acheson,  Ph Mark  A.  Geyer,  Pfi.D.,2*3 
Caroline  M.  Nievergeit,  Ph.D.,1*-  Dewlccn  G.  Baker,  M.D,,1,2  Victoria  B.  Risbrough,  Ph.D.,1,2*  anti 

MRS  Team1-2-3 


Background:  Heightened  startle  response  is  a  symptom  of  PTSD,  hat  evidence 
for  exaggerated  startle  in  PTSD  is  inconsistent.  This  prospective  study  aimed 
to  clarify  whether  altered  startle  reactivity  represents  a  trait  risk-factor  for  de¬ 
veloping  PTSD  or  a  marker  of  current  PTSD  symptoms.  Methods:  Marines 
and  Navy  Corpsmen  were  assessed  before  (n  =  2,57 1)  and  after  f w  =  1,632) 
deployments  to  Iraq  or  Afghanistan  with  the  Clinician-Administered  P  TSD 
Scale  (CAPS).  A  predeployment  startle -thresh  old  task  was  completed  with  star¬ 
tle  probes  presented  over  $0-1 14  dlifA]  levels.  Latent  class  mixture  modeling 
identified  three  growth  classes  of  startle  performance:  “high, ”  “low* M  and  "mod¬ 
erate”  threshold  classes.  Zero- inflated  negative  binomial  regression  was  used  to 
assess  relationships  between  p  re  deployment  startle  threshold  and  pre-  and  post- 
deployment  psychiatric  symptoms.  Results:  At  predeployment,  the  low-threshold 
class  had  higher  PTSD  symptom  scores .  Relative  to  the  mode  rate -threshold  class , 
low-threshold  class  membership  was  associated  with  decreased  likelihood  of  being 
symptom -free  at  predeployment ,  based  on  CA  PS,  with  particular  associations 
with  numbing  and  hyperarousal  subsea  les,  whereas  high -threshold  class  mem¬ 
bership  was  associated  with  more  severe  p redeployment  PTSD  symptoms,  in  par¬ 
ticular  avoidance ■  Associations  between  lo w  ^thresh old  membership  and  CAPS 
symptoms  were  independent  front  measures  of  trauma  burden,  whereas  associ¬ 
ations  between  high -threshold  membership  and  CAPS  were  not .  Predeploy  me  at 
startle  threshold  did  not  predict  posideplo ynt cn i  symptoms.  Conclusions:  This 
study  found  that  both  low  startle  threshold  (heightened  reactivity)  and  high  star¬ 
tle  threshold  (blunted  reactivity)  were  associated  with  greater  current  PTSD 
sympto ma tology,  suggesting  that  startle  reactivity  is  associated  with  current 
PTSD  rather  than  a  risk  marker  for  developing  PTSD,  Depression  and  Anxiety 
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PtSD  is  common  in  veterans  across  war  eras;  cur¬ 
rent  prevalence  estimates  include  12*2%  (Vietnam 
War)J(l  10.1%  (Persian  Gulf  War), ^  and  23%  (Oper¬ 
ation  Enduring  Freedom/Operation  Iraqi  Freedom)^ 
and  are  higher  for  combat  veterans,  who  have  a  1 .5- 
3. 5 -fold  increased  risk  for  PTSD  relative  to  non  de¬ 
ployed  veterans.^  Although  evidence -based  treatments 
for  PTSD  exist,  only  40-50%  of  patients  are  treatment 
responsive Mixed  treatment  response  rates  may  be 
partly  due  to  heterogeneity  of  symptoms  and  underlying 
pathology.^  Both  treatment  and  prevention  strategies 
might  be  improved  by  identifying  bio  markers  associated 
with  specific  symptom  domains  and  with  prospective  risk 
for  PTSD  development,  enabling  more  efficient  target¬ 
ing  of  interventions.!1^  The  startle  response  might  be 
such  a  candidate  biomarker,  but  it  is  unknown  whether 
altered  startle  responding  represents  a  “trait”  or  “state” 
hrornarker  for  PTSD. 

The  startle  response  is  an  operational  measure  of 
threat  anticipation  linked  to  fear  circuit  activation  in 
humans  and  animats  (e*g*,[,U2])*  Heightened  startle  re¬ 
sponding  is  a  commonly  endorsed  symptom  of  PTSD 
that  has  been  a  long-standing  criterion  within  the  evolv¬ 
ing  versions  of  the  DSM  including  DSM-SJ1^1*1  Empir¬ 
ical  evidence  for  exaggerated  startle  magnitude  in  PTSD 
Is  mixed,  however,!  l>tl6l  with  ^  meta-analysis  indicating 
only  modest  increases  in  baseline  startle  reactivity^  * 
There  are  several  potential  reasons  for  modest  associa¬ 
tions.  Startle  hyperreactivity  and  hyp  ore  activity  may  be 
experienced  by  different  subgroups  of  PTSD  patients 
with  distinct  trauma- related  pathology  or  trauma  his¬ 
tories  (c.g.J1Rl).  For  example,  PTSD  resulting  from  a 
single  trauma  may  be  characterized  by  elevated  startle 
reactivity  whereas  PTSD  following  multiple  traumas  is 
characterized  by  diminished  physiological  reactivity.^! 
Furthermore,  startle  reactivity  differences  may  not  re¬ 
flect  current  PTSD  symptom  state,  but  instead  indicate 
increased  risk  of  developing  PTSD.  There  is  circum¬ 
stantial  evidence  for  an  association  of  startle  reactivity 
with  anxiety  disorder  risk:  (1)  offspring  of  anxiety  disor¬ 
der  patients  have  increased  startle  reactivity  compared  to 
offspring  of  nonanxious  pa  rents1  z,^22!  and  (2)  increased 
startle  is  linked  to  childhood  trauma,  a  strong  PTSD 
risk  factord17!  Two  prospective  studies  were  eon  trad  ic- 
tory  in  supporting  increased  baseline  stand e  reactivity 
as  a  PTSD  risk  factor,^ although  these  studies  were 
relatively  small  ( n  =  99  and  138}  and  had  few  subjects 
with  a  diagnosis  of  PTSD*  Thus,  it  remains  unclear  if 
startle  reactivity'  is  a  marker  of  state  PTSD  symptoms  or 
a  rrair  marker  of  PTSD  risk. 


Self-reported  “increased  startle"  in  PTSD  subjects 
may  refer  to  elevated  probability  of  having  a  startle 
response  under  subthreshold  conditions  rather  than 
simply  heightened  startle  magnitude  (e*g.,^)*  Patients 
may  report  elevated  startle  because  the  stimulus  in¬ 
tensity  needed  to  induce  startle  responding  is  lower, 
thus  increasing  the  probability  of  startle  across  a  wider 
range  of  stimuli  rather  than  showing  greater  response 
magnitude  per  sc.  Thus,  to  parse  out  differences  be¬ 
tween  starde  threshold  versus  response  magnitude,  we 
examined  startle  reactivity  across  a  range  of  intensities 
to  identify  overall  magnitude  differences  and  changes  in 
the  threshold  to  induce  a  response*  We  examined  data 
extracted  from  the  Marine  Resiliency  Study  (MRS)J2ri 
a  large  prospective  study  of  active  duty  service  members 
to  test  the  hypotheses  that  (1)  startle  reactivity  is 
associated  with  current  PTSD  symptoms  and  other 
stress- re  hired  symptoms  and  (2)  predejiloyment  startle 
reactivity  predicts  postdeployment  symptom  develop¬ 
ment.  Since  P  TSD  is  a  heterogeneous  condition, I2'’-8! 
we  examined  associations  of  startle  with  overall  PTSD 
symptoms  and  DSM-IY  symptom  clusters  using  a  4- 
facror  mudel^l  (re-experiencing,  avoidance,  numbing, 
hyperarousal),  and  with  general  anxiety  and  depression 
symptoms. 

METHODS 

STUDY  DESIGN  AND  PARTICIPANTS 

M  RS^  is  a  Itiogimdiniiij  Study  of  2,600  U,S*  Marines  and  Navy 
CorpsnuMi  (typically  rreaiing/aiding  conduit  wounded)  a round  c<  >mhat 
deployments  to  Iraq  or  Afghanistan  ([-month  predeploymen;,  imme¬ 
diate  Jy  postdeplciyment,  and  —.3-  and  -6-months  post  deployment). 
Institutional  review  boards  of  the  University  of  California  San  Diego, 
VA  San  Diego  Research  Service,  and  Naval  \  lealth  Research  Center 
approved  the  study,  and  written  informed  consent  was  obtained  from 
all  parr ici pants. 

Of  the  2,5^2  participants  wjth  valicl  predeployment  startle  reactiv¬ 
ity,  2,371  completed  predeployment  psychiatric  measures  and  1,632 
completed  psychiatric  measures  at  6- month  posrdcploymertL  To  test 
both  hypotheses,  wc  used  pre  deployment  startle  data  (largest  N).  To 
predict  PTSD- risk*  we  used  pre deployment  startle  to  predict  symp¬ 
toms  at  the  6-month  lime  fwdnt  (reflecting  greatest  thru ni city  after 
trauma). 


MEASURES 

Complete  MRS  methods  are  described  elsewhere126!; 
on!  y  m  easu  res  r  c  I e v a n rt o  th e  p  resen  t  sru  dy  a  re  p  res  en  tc  1 1 
here. 
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STARTLE  THRESHOLD  TEST 

Stimuli  and  Apparatus.  Startle  pulses  were  de¬ 
livered  using  a  San  Diego  Instruments  (San  Diego, 
CA,  USA)  SR-HRLAB  EMG  system  as  previously 
described EMG  data  (I -KHx sampling  rate)  were 
amplified,  rectified,  band-pass  filtered  {1 00 — 1 ,000  Hz), 
and  smoothed  (5 -point  rolling-average).  All  trials  were 
reviewed  by  trained  technicians  using  standard  methods 
to  remove  artifact  (e.g*,  responses  that  began  before  or 
100  ms  after  probe  onset  were  removed).  Details  are  in 

supplementary  materials. 

Experimental  Procedure.  Prior  to  startle  testing, 
hearing  threshold  was  examined  using  100,  500,  3,000, 
and  6,000  1 1/.  tones  at  35  dT5[A]  via  a  Ctrason-Stadler  Au¬ 
diometer  (Eden  Prairie,  MN,  USA).  The  startle  thresh¬ 
old  task  was  modeled  after  prior  research.^  After  a 
5  min  acclimation,  four  1 14-d Bf A]  broadband  pulses 
were  presented  to  assess  “maximal”  startle  reactivity 
scores.  Startle  probes  were  then  presented  in  pseudo- 
random  order  across  six  intensities:  130,  85,  90,  95,  100, 
and  105  dB[A]  (5  pulses/ trial-type).  Probes  had  instan¬ 
taneous  rise/ fa II  time,  were  40  ms  in  duration,  with  in 
tertrial  interval  average  of  15  s.  A  70  dBJA]  broadband 
background  noise  was  continuous* 


ASSESSMENT  OF  PSYCHIATRIC  SYMPTOMS 
Posttrauma  tic  Stress  Disorder.  Predeployment 
and  6- month  postdeployment  P TSD  symptom  severity 
was  assessed  using  the  Clinician- Ad  ministered  PTSD 
Scale  (CAPS),  a  structured  diagnostic  interview  de¬ 
signed  to  assess  DSM-IV  PTSD  symptoms^3*!  with 
high  convergent  and  divergent  validity.  B7J  Interrater 
reliability  was  high  between  CAPS  interviewers  and 
trained  observers  making  independent  ratings,  with  an 
im  rad  ass  correlation  coefficient  =  0,99  (//  =  261 ).  CAPS 
was  scored  as  zero  if  participants  did  not  endorse  any 
criterion  A  traumatic  events  according  to  DSM-IV  on 
the  Li  fe  Event  Checkl  ist  (LEG), I ^  a  survey  of  criterion 
A  events  experienced  or  witnessed  (0-16  range),  CAPS 
total  score  (0—1 36  range)  served  as  a  continuous  mea¬ 
sure  of  PTSD  symptoms.  Four  CAPS  subscales  were 
also  calculated^:  re-experiencing  (BJ-5),  hyperarousal 
(DL5),  avoidance  (Cl  -2),  and  numbing  (C4-6),  DSM- 
IV  PTSD  diagnostic  criteria  were  defined  as  endorsing 
at  least  one  criterion  A  event,  one  cluster  B  symptom* 
three  duster  C  symptoms,  and  two  cluster  D  symptoms 
whereas  “sub threshold”  PTSD  was  defined  as  endorsing 
at  least  one  criterion  A  event,  one  cluster  B  symptom,  and 
either  three  cluster  C  or  two  cluster  D  symptoms  3 
Anxiety,  Predeployment  and  6-month  postdeploy¬ 
ment  anxiety  symptoms  were  assessed  with  the  Buck 
Anxiety  Inventory  (BAJ),^ll  a  2 1 -item  questionnaire  {(L- 
63  range)  of  general  cognitive  and  somatic  anxiety  symp¬ 
toms  experienced  within  the  past  week  with  divergent 
and  discriminant  valid ity34"l  BAI  cognitive  (items  4,  5, 
9,  10,  14, 16*  17)  and  somatic  (items  1-3, 6-8, 1 1-13*  15, 
18-21)  subscales  were  also  calculated. 


Depression.  Predeployment  and  6-month  postde¬ 
ployment  depressive  symptoms  within  the  past  2  weeks 
were  assessed  with  the  Beck  Depression  Inventory  fl 
(BDI-II),^1  a  21 -item  questionnaire  (0-63  range)  with 
strung  discriminant,  convergent,  and  content  validity. 

Chi  Id  bo  oil  T ran  ma .  Traumatic  expe  ri  1 1  i  ces  during 
childhood  were  assessed  at  p redeployment  with  a  mod¬ 
ified  Childhood  Trauma  Questionnaire  (CTQ)343^  a 
34-irem  questionnaire  (25-170  range)  with  strong  dis¬ 
criminant  and  convergent  validity.^’  *  I 

Deployment  Stress  and  Combat  Exposure. 
Stressful  experiences  during  combat  and  deployment 
were  assessed  at  6-months  postdeployment  with  four 
scales  from  the  Deployment  Risk  and  Resilience 
Inventory- 2  (DRRI-2;  Postbattle  Experiences,  Combat 
Experience,  Deployment  Concern,  Difficult  Living  and 
Working  Environment),  with  high  criterion  validity  and 
internal  consistency  (0.92)3^ 

ANCESTRY 

To  control  for  associations  of  race  with  startle  reac¬ 
tivity  (e-g->  w),  we  used  a  genetically  derived  ancestry 
variable  as  □  covariate J50l  Participants  were  placed  into 
four  groups:  Caucasian  (N  —  1,588);  African-American 
(jV  =  161);  Hispanic  and  Native  American  (AT  =  459); 
and  Asian/ Other  (N  =  363;  details  in  supplementary 
materials). 

STATISTICAL  ANALYSIS 

Analyses  were  conducted  using  statistical  software 
package  R,  version  3J.Q51!  and  Statistical  Package 
for  the  Social  Sciences,  SPSS  version  21.0.03^  To 
best  analyze  curvilinear  response  differences  in  prede¬ 
ployment  startle  magnitude  vis  startle  stimulus  intensity 
increased,  a  Latent  Class  Mixture  Model  (LCMM;  R 
package  lcmm)ls^  was  used.  This  approach  enables 
identification  of  homogenous  subgroups  of  participants 
within  the  full  cohort  that  followed  unique  trajectories 
of  startle  magnitude  increases  across  stimulus  intensi¬ 
ties.  Group  membership  classifications  were  then  used 
as  an  independent  variable  to  indicate  participant  star¬ 
tle  tendency  across  stimulus  intensities.  The  model  was 
constructed  iteratively,  with  curvilinear  trajectory  being 
specified  and  additional  groups  being  added  until  inode! 
fit  either  no  longer  improved  or  membership  in  any  class 
dropped  below  10%  of  the  sample. 

MRS  measures  of  psychiatric  symptoms  (CAPS,  BAI, 
BDl-II)at  predeployment  and  6-month  postdeployment 
were  positively  skewed,  overdispersed,  and  had  an  ex¬ 
cess  of  zero  scores,  as  previously  reported/5^  Hence, 
zero-inflated  negative  binomial  regression  (ZINBR)  was 
the  appropriate  analytic  method.  ZINBR  uses  maximum 
likelihood  to  model  outcomes  via  two  component  mod¬ 
els:  logistic  regression  (zero  model)  predicting  proba¬ 
bility  of  a  zero  score,  and  negative  binomial  regression 
(count  model)  predicting  total  score. 

Predeployment  startle  threshold  class  was  included 
as  a  factor  in  ZINBR  analyses  to  predict  symptoms  at 
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TABLE  L  Comparisons  of  characteristics  and  psychiatric  symptoms  betw  een  startle  threshold  classes 


Predr p  1  ovine  nr  eh  a  ra  cteristi  c 

High-threshold 
(n  =  1,318) 

M  ( iterate  -  threshold 
(n  =  987) 

Low- threshold 
(a  =  266) 

P -value 

Age1* 

22.69  (3.62) 

22,88  (3.42) 

22*93  (3.20) 

33 

Ancestry*1,  % 

<.oor 

Caucasian 

55 .3 

68 .9 

68.0 

African -A  m  erica  a 

S3 

4,2 

23 

H isparm/Nathe  American 

1ST 

17.0 

19  J 

Asian/Other 

17 $ 

9,9 

10,2 

Marital  sianis1',  % 

.26 

Never  Mamed 

623 

61,2 

59,0 

Married 

353 

34,4 

36.8 

Divorced 

L5 

3,0 

2,6 

Separated 

U 

13 

L5 

CTQ" 

40.65(14.15) 

40.12(13.59) 

39,05  (1239) 

22 

Childhood  Pbyriad  abuse 

8.S  (4.1) 

8.8  (4.0) 

S.fi  (3.7) 

.76 

Childhood  sexual  abuse 

5.6 (2.2) 

5.6 (2.2) 

53  (2,0) 

,87 

Lifetime  trauma  (LEC)a 

4.%  (3.23) 

5.11(3.26) 

5,44(3.24) 

,08 

Months  spent  hi  military1 

36.28  (56,08) 

35.60(34.40) 

3734(31,72) 

,70 

Months  remaining  in  enlistment* 

27,67(1331) 

27.74(13.26) 

2639(13.87) 

.43 

Any  previous  deployment**,  % 

49.5 

51.7 

58.6 

,03l1 

Total  previous  deployments* 

034  (U) 

0,86  (1*1) 

0,97(1.2) 

JO 

Total  Uptime  TBI  with  LOG3 

0,59(0.09) 

0,64  (0.94) 

0.53  (0,85) 

,18 

CAPS3 

7-02(12.94) 

6,03  (10,80) 

8,68(13.84) 

,005L 

BAP 

5.99(5.71) 

5,99(5,81) 

6,82  (6.15) 

.09 

BDI-IT 

6.47  (7.74) 

6,61  (7,77) 

7.45  (7.94) 

37 

PTSD  diagnosis,  traditional^  %** 

3,8 

3.1 

5,6 

35 

PTSD  diagnosis,  siibsyndrnm;il*\  %!l 

73 

6,5 

11,3 

.0JK 

P nstdepli i ym cm  c h a raete ristic 

1  Hgh-thrcshold 
(n  =  835) 

Mod  e  ra  te- threshold 
(n  =  632) 

1  ,ow-  threshold 
<n=  105) 

DRRI-2* 

Combat  amt  postbattk  experience* 

CAPS’1 

BAP 

BDI-IP 

PTSD  diagnosis,  traditional^  %h 

PTSD  diagnosis,  subsyndromal^,  %*' 

03  (0.80) 

030  (0.23) 

9.67  (16,12) 

4.79  (7,84) 

537  (7 JO) 

5,6 

10,4 

0,03  (0,81) 

0.29  (0.23) 

9.37  (1537) 

4,77  (8.09) 

4,85  (6,74) 

5  J 

10,6 

0.07  (0.H5) 

0.32  (0J4) 

9.73  (14.80) 

4,89  (7,04) 

5,86  (6.56) 

53 

11.8 

37 

.34 

.94 

.98 

*11 

.95 

,87 

"One-way  ANQVA  analyses  performed. 

**  Chi -squared  test  of  distribution  performed, 

c  Post  hoc  tests  indicate  lower  proportion  rtf  high-threshold  participants  were  Caucasian  and  a  higher  proportion  were  African- American  and 
Asian/Olher  {P  c  001).  higher  proportion  of  moderate -threshu  Id  partiripanbi  were  Caucasian  and  a  lower  proportion  were  African- American  and 
Asian/Other  (P  <  ,001),  and  higher  proportion  of  low-thrtshold  participants  were  Caucasian  (P=  .03)  and  a  lower  proportion  were  African-American 
(/"  =  -0 1). 

Tost  hoc  tests  indicate  a  higher  percentage  of  participants  in  die  low-threshold  than  high- threshold  class  with  previous  deployment  experience 

(P=  .1)23), 

cPoSt  hoc  tests  indicate  lower  score  in  moderate-threshold  class  than  low- threshold  class  {P  =  .005). 

Traditional  PTSD  criteria:  criterion  A  event,  at  least  I  duster  R  symptom,  3  cluster  C  symptoms,  and  2  cluster  D  symptoms,  with  minimum 
frequency  ratings  of  1  and  minimum  intensity  ratings  of  2  on  CAPS. 

fiSiibsyndroTtial  PTSD  criteria:  criterion  A  event,  at  least  1  cluster  13  symptom,  3  cluster  C  or  2  cluster  D  symptoms,  with  minimum  frequency 
ratings  rtf  I  and  minimum  intensity  ratings  of  2  on  GAPS. 

Tost  hoc  tests  indicate  higher  proportion  of  participants  in  the  low- threshold  class  than  moderate-threshold  class  met  subsyndroirml  PTSD  criteria 
(P  =  .112), 

Significant  associations  are  highlighted  in  bold. 


either  predeployment  ur  6-month  postdeployment,  Be¬ 
cause  the  mode  rate- startle  class  displayed  the  lowest  pre- 
deployment  CAPS  scores  (Table  I ),  it  was  chosen  as 
the  referent  group  in  ZINBR  analyses  to  detect  symp¬ 
tom  increases  in  the  other  classes.  Ancestry  and  deploy¬ 
ment  history  differed  between  startle  threshold  classes 


(Table  1),  thus  these  variables  were  included  in  the 
model.  Number  of  correct  responses  on  the  hearing  test 
was  included  to  account  for  hearing  differences  poten¬ 
tially  affecting  startle  reactivity.  A  composite  of  DRRI-2 
scales  wfas  included  to  account  for  differences  in  com¬ 
bat  and  deployment  experience,  An  interaction  between 
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DRRI-2  and  startle  class  was  examined  but  il  did  nor  im¬ 
prove  the  model.  Multiple  other  potential  confbundcrs 
were  evaluated,  including  predeployment  depression  (via 
BDl-tl),  sleep  quality,  caffeine  and  tobacco  use,  and  trau¬ 
matic  brain  injury  (TBT),  but  none  improved  the  in  odd* 

Startle  threshold  class  membership  at  predeployment 
was  the  primary  predictor  variable.  The  zero  and  count 
models  were  primarily  used  to  predict  responses  on 
CAPS  and  CAPS  subscales  (re-experiencing,  avoidance, 
numbing,  hyperarousal)  at  both  predeployment  and 
6-month  postdeploymenr.  Secondary  ZTNBR  models 
including  trauma  history  variables  (CTQ  and  LEG) 
were  conducted  to  examine  effects  of  childhood  and  life¬ 
time  trauma  burden  on  the  relationship  between  startle 
threshold  and  PTSD  symptoms.  Additional  secondary 
analyses  predicted  predeployment  and  6-month  post- 
deployment  responses  on  BAI,  RA)  subscales  (somatic, 
cognitive),  and  BDI-ll. 

ZERO  MODEL:  PREDICTING  ABSENCE  OF 
PSYCHIATRIC  SYMPTOMS 

Exponentiated  coefficients  of  the  zero  model  were  in¬ 
terpreted  as  odds  of  a  zero  score.  The  zero  model  inter¬ 
cept  reflects  the  base  probability  of  having  a  zero  score 
given  that  a  participant  was  in  the  moderate- thresh  old 
class,  Caucasian,  never  before  deployed,  with  average 
hearing.  Average  DRRI-2  and  PTSD  symptom  scores 
at  predeployment  were  also  referents  when  predicting 
6- month  postdeployment  scores. 

COUNT  MODEL:  PREDICTING  TOTAL 
PSYCHIATRIC  SYMPTOMS 

Exponentiated  coefficients  of  die  count  model  repre¬ 
sent  multiplicative  change  in  predicted  measure  score 
per  unit  change  in  a  given  predictor.  The  count  model 
intercept  reflects  a  predicted  symptom  score  given  the 
same  referents  as  described  for  the  zero  model. 

RESULTS 

STARTLE  THRESHOLD  CLASS 

The  LCMM  showed  three  distinct  classes  of  growth 
across  stimulus  intensity'  levels  (Fig.  1).  The  high- 
threshold  class  (5 1 .3%  of  participants)  was  characterized 
by  relatively  flat  trajectory,  only  rising  in  magnitude  at 
die  highest  dB[A]  levels.  The  moderate- threshold  class 
(3  8.4%  of  participants)  was  characterized  by  a  slope  of  in¬ 
creasing  stardc  magnitude  across  dB[A]  levels.  The  low- 
threshold  class  (10.3%  of  participants)  was  characterized 
by  an  abruptly  steep  slope,  distinguishable  even  at  low 
dB[A]  levels. 

SAMPLE  CHARACTERISTICS  BY  STARTLE 
THRESHOLD  CLASS 

Overviews  of  prc~  and  postdeployment  MRS  co¬ 
hort  characteristics  have  been  reported  previously.^- '  ^ 
Predeployment  demographic  and  descriptive  data  are 
presented  for  each  startle  threshold  class  (Table  1 ). 
Chi-squared  tests  indicated  significant  predeployment 
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Figure  L  Mean  startle  threshold  class  response  across  decibel 
level,  il  SEM.  Startle  class  trajectories  identified  using  Latent 
Class  Mixture  Model. 


differences  between  startle  threshold  classes  in  racial  an¬ 
cestry  Or  (6,  n  =  2,592)  =  72.95;  P  <  .001).  More 
participants  in  the  low-threshold  class  had  been  previ¬ 
ously  deployed  compared  to  other  classes  (/"  (2,  n  — 
2,585)  =  6.96;  P  =  .03).  Startle  threshold  classes  did 
nor  differ  at  predeployment  in  age,  marital  status,  total 
number  of  prior  deployments,  total  months  spent  in  the 
military,  total  months  remaining  in  military  enlistment, 
total  lifetime  TBI  with  loss  of  consciousness,  or  child¬ 
hood  trauma  measures.  The  low- threshold  class  tended 
to  have  more  lifetime  trauma  ( P  <  08). 

Pre-  and  postdeployment  measures  of  psychiatric 
symptoms  are  presented  for  each  threshold  class 
(Table  J).  One-way  analysis  of  variance  (ANOVA)  in¬ 
dicated  significant  threshold  class  differences  in  CAPS 
at  predeployment  ( F  (2,  2,586)  =  5.31;  P  —  .005)  but 
not  postdeploymenr.  Deployment  trauma  did  not  dif¬ 
fer  across  classes.  Although  classes  did  not  differ  in 
the  percent  meeting  DSxM-fV  PTSD  diagnostic  crite¬ 
ria  at  pre  deployment  (3.7%  of  participants),  significantly 
more  participants  met  subthreshold  PTSD  in  the  low- 
threshold  compared  to  moderate-threshold  class  (x2  (2, 
n  —  2,592)  —  6,84;  P  =  .03).  There  were  no  class  differ¬ 
ences  in  full  or  subthreshold  PTSD  at  postdeployment. 
Threshold  classes  did  not  differ  on  BAI  or  RDI-TL 

ZERO-INFLATED  NEGATIVE  BINOMIAL 
REGRESSION 

For  clarity,  we  have  only  depicted  ZINRR  results  for 
threshold  class  as  a  predictor  of  PTSD  at  predeployment 
(Table  2)  and  post  deployment  (Table  3)  in  the  body  of 
the  paper  Full  models  with  all  predictors  are  included 
as  supplementary  materials. 

RELATIONSHIP  BETWEEN  STARTLE 
THRESHOLD  AND  CURRENT  FIND  SYMPTOMS 

Count  Model.  In  participants  endorsing  P  TSD 
symptoms,  high- threshold  class  membership  increased 
p  re  deployment  predicted  CAPS  score  by  a  factor  of  L14 
(14%;  P  =  .04),  CAP S-reexperien ring  by  a  factor  of 
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TABLE  2*  Zero-inflated  negative  binomial  regression  predieting  predeployment  CAPS  total  score  and  subscales 


Ou  retime  measure 

Model 

Variable3 

Estimate  (SE) 

P-value  Predicted  measure  totaltr 

Ratio  (‘75%  Cl)'1 

CAPS  toral 

Count 

(Intercept) 

2,90(0,21) 

<.001 

9.96 

(3,07-13.20) 

High -threshold 

0.14(0.06) 

,04 

1.14(1,01-1.29) 

Low-direshold 

0,17(0,10) 

.08 

1.13(0,93-1 .43) 

Zero 

(Intercept) 

-0.63  (0,15) 

.07 

53,05% 

(44,32-6  L 59%) 

I  Ugh -threshold 

0.01  (0.00) 

,76 

1.02  (0.R6-L23) 

Low -thresh  old" 

-0.38(0.15) 

.01 

0.68  (0*50-0*92) 

( 'A  P  S  -  rce-xperi  end  fi  g 

Count 

(Intercept) 

2.17(0,21) 

<.tH)l 

5.17 

(4.19-6,38) 

1 I  igh- threshold 

0.18(0.07) 

.01 

1.20  (1.05-1*36) 

Low-threshold 

0,14(0.11) 

J7 

1.15  (0,59-2.26) 

Zero 

(Intercept) 

0,14(0.34) 

.68 

64,36% 

(56.25-71.73%) 

}  Ugh -threshold 

0.12(0.10) 

.22 

(.13  (0.93-1.36) 

Low-  threshold 

0.02  (0.15) 

.88 

1 .02  (0.76-1.39) 

CAPS-avoidance 

Count 

(Intercept) 

L  36(0,24) 

<.001 

4.20 

(3*30-5.34) 

High -threshold 

0.16  (0.07) 

.02 

1.17  (1 ,02-1 .35) 

Low -threshold 

0.10(0.1 1) 

.38 

U  0(0.89-1.3® 

Zero 

(Intercept) 

0.74  (0,39) 

.06 

79.28% 

(72.14-84.96%) 

1  fi^h- threshold 

0.06(0,11) 

.57 

1 ,06  (0.86-1 .32) 

Low- threshold 

-0,11  (0,17) 

.52 

0.89  (0.63-1.26) 

CA  PS- numbing 

Count 

(Intercept) 

1.87(0,22) 

<XM)1 

&M 

(4.83-7 .50) 

High -threshold" 

0.21  (0.08) 

.01 

L24  (1.06-1.44) 

Low-  threshold 

O.nK  (0.11) 

f46 

1 ,08  (0,88' 1.33) 

Zero 

(Intercept) 

0.89  (0.40) 

,03 

89.74% 

(85.43-92.88%) 

High- threshold 

0.06  (0,13) 

,60 

1.06(0,83-1.36) 

Low-threshold’ 

—0.58  (0.18) 

-C.001 

0.56  (0*40 “0.79) 

( '  A  PS  -  hype m  rut isa  3 

Count 

(Intercept) 

2.29(0.16) 

<,001 

7JI 

(6,23-8.58) 

High -thresh  old 

0,02  (0.05) 

.73 

1.02  (0,91-1.0) 

Low -threshold 

-0.03  (0,08) 

.72 

0.97  (0.84—1,1 3) 

Zero 

(Intercept) 

0.33  (0.34) 

.33 

79.94% 

(73.93-84.85%) 

High- threshold 

-0,12(0.19) 

,21 

0.88  £0.73-1*07) 

Low-t  h  reshold 

-0.57  (0.15) 

<.00t 

0,57  (0,42-0.76) 

*  Moderate-threshold  membership  list'd  ns  refcreEit  group  for  high- threshold  and  low -threshold  dnss  membership. 

^Estimate  for  partidjiaut  who  is  Caucusum,  never  before  deployed*  with  average  hearing, 

*  Pur  the  zero  model,  bast  probability  of  a  predicted  score  of  0. 

,J95%  confidence  interval  for  predictor  coefficient  Count  model  coefficients  indicate  multiplicative  change  in  predicted  measure  score  per  unit 
change  in  predictor.  Zero  model  coefficients  indicate  predicted  factor  change  in  odds  of  a  zero  score  for  measure  per  unit  change  in  predictor, 
‘Predictor  P- value  <.05 
Significant  associations  arc  highlighted  in  hold. 


1 .20  (20%;  P  =  .0 1 ),  CAPS-avoidance  by  a  factor  of  1.17 
(17%;  P  —  +02)j  and  CAPS- numbing  by  a  factor  of  1.24 
(24%;  P  =  .003),  but  was  not  associated  with  CAPS- 
hyperarousal.  Low-threshold  class  membership  did  not 
sign  i  fi  can  tl  y  pre  diet  CAPS . 

Zero  Model.  High -thresh old  class  membership  did 
not  significantly  a  fleet  p  redeployment  odds  of  a  zero 
score  on  CAPS  or  CAPS-s u bscales .  Low-threshold  class 
membership  decreased  predeployment  odds  of  a  zero 
score  cm  CAPS  by  a  factor  of 0.68  (32%;  P  =  .01),  CAPS- 
numbing  by  a  factor  of  0.56  (44%;  P  <  .001),  and  CAPS- 
hyperarousal  by  a  factor  of  0,57  (43  %;  P  <  .001),  but  did 
not  affect  odds  of  zero  scores  on  CAPS-reexperiendng 
o r  CA P S -a voi dance. 

RELATIONSHIP  BETWEEN  STARTLE 
THRESHOLD  AND  FUTURE  PTSD  RISK 

Neither  high-threshold  nor  low-threshold  dass  mem¬ 
bership  at  predeployment  were  significantly  associated 
with  postdep l ay ment  CAPS  in  the  count  or  zero  models. 


Secondary  Analyses.  For  full  results  of  secondary 
models  see  supplementary  materials.  When  trauma- 
burden  measures  were  included  in  ZINBR  models, 
associations  between  low- threshold  dass  and  PTSD 
symptoms  remained  significant  (Ps  —  <,00 1  -01). 
High-threshold  class  association  with  CAPS-avoidance 
also  remained  significant  (P  =  ,04)  whereas  gssoriarions 
with  CAPS-total,  CAPS -reexperiencing  and  CAPS- 
numbing  did  not*  Removing  participants  that  denied 
ever  experiencing  a  category  A  event  (A/  =  80,  3%) 
from  the  analyses  did  not  change  the  findings  (data 
not  shown).  For  predicting  anxiety  and  depression, 
low-threshold  dass  membership  decreased  the  odds  of 
a  zero  score  for  BAl-somaric  by  a  factor  of  0.64  (36%; 
P  <  .04)  whereas  class  membership  was  not  associated 
with  BDI-IL  To  examine  if  trauma  burden  is  related 
to  startle  threshold  among  individuals  with  PTSD,  we 
examined  class  differences  in  CTQ  and  LEC  among 
PTSD  cases.  Individuals  meeting  predeployment 
diagnosis  for  PTSD  endorsed  more  childhood  trauma 


Dtprcssh m  and  sltixh'ty 


198 


Glenn  et  a I. 


TABLE  3.  Zero-inflated  negative  binomial  regression  predicting  6- months  post  deployment  CAPS  total  score  and 
subscales 


Outcome  measure 

Model 

Variable3 

Estimate  (SE) 

lvalue  Predicted  measure  totalb 

■c  Ratio  (95%  Cl)* 

CAPS  total 

Ovum 

(Intercept) 

2.56  (0.26) 

<(X00I 

12.00 

(9.25-15.56) 

1  ligh- threshold 

0.04  {0.07) 

0.53 

1.04(0.91-1.20) 

Low- threshold 

-0.05  (0,11) 

0M 

0.95  (0.767-1. 18) 

Zero 

(Intercept) 

0.80  (0.4H) 

0.10 

43.71% 

(32.46-55.66%) 

High-threshold 

-0.03  (0.14) 

0  Jti 

0.97  (0.75-1.24) 

Lr>w- threshold 

-0,12  (0.22) 

050 

0.89(0.58-1.35) 

CA  PS  -  reexpe  rien d  ng 

Count 

(Intercept) 

1.8]  (0.29) 

<aoai 

5.67 

(4.24-7,571 

I  Ugh -threshold 

0.04  (0.08) 

0.56 

1.04(0.90-1.21) 

Low-threshold 

-0.12(0.  ]2) 

020 

0.88(0.70-1.11) 

Zero 

(Intereept) 

]  .46(0.48) 

0,002 

6K/i4% 

(57.52-77.96%) 

1  Ugh- threshold 

-0.06  (0.13) 

0.63 

0.94(0.73-1.21) 

L(  i\v  -threshold 

-0.38(0.21) 

0.07 

0.68  (0.45-1.03) 

CAPS-avoidance 

Count 

(Intercept) 

1.72  (0.30) 

<aoai 

4.46 

(3.30-6.02) 

1  hgh- threshold 

0,04  (0.08) 

0.63 

1.04(0.88-1.23) 

Li  wv- dues  hold 

-0.09(0.13) 

0.49 

0.92  (0.71-1,18) 

Zem 

(Intercept) 

2.08(0.52) 

<0.001 

M6.46% 

(79.16-91.49%) 

High -threshold 

-0.21  (0.15) 

0.15 

0.81  (0.61-1.08) 

Low -thresh*  i!d 

-0.37  (0.23) 

0.10 

0.69  (0.44- 1.08) 

CAPS- numbing 

Count 

(Intercept) 

2.09  (0,30) 

<0.001 

6.45 

(4.50-9.25) 

l  ligh- threshold 

0.15(0.10) 

0,13 

1.16(0.96-1.40) 

Low- threshold 

0.01  (0.15) 

0.96 

1 .01  (0.75-1.35) 

Zero 

(Intercept) 

3.36(0.63) 

<0,001 

89.06% 

(81.02-93.77%) 

1  flgh-threshold 

-0.14(0,15) 

0.37 

0.87(0.64-1.18) 

Low- threshold 

0.00  (0.25) 

0.90 

1.00  (0-61-1.65) 

CA  P  S  -  by  ptiru  r  c 3i]  1 

Count 

{ Intercept) 

2.26(0.20) 

<0.001 

B.24 

(6.75-10.07) 

1  Ugh- threshold 

0.02  (0.06) 

0.76 

1.02  (0.91-1.14) 

Low*  threshold 

-0.05  (0.09) 

0.61 

0.96(0.80-1.14) 

Zero 

(Intercept) 

0.92  (0.47) 

0,05 

59,71% 

(48.09-70,34%) 

l  Ugh- threshold 

0.17(0.12) 

n.i7 

1.18(0.93-1.51) 

Low-threshold 

0.02  (0.20) 

0.94 

1.02  (0.68-1,51) 

1 ,Vl lh leratc-threshold  membership  used  as  referent  grtiup  tnr  High- threshold  and  Law-threshuld  class  membership. 

bEsdmatc  for  participant  who  h  Gaudsiun,  never  before  deployed,  with  average  hearing  ami  DRRI,  and  with  zero  scores  on  measures  at  prede¬ 
ploy  men  L 

Tor  the  zero  model,  base  probability  nf  a  predicted  score  of  0. 

i!9>%  confidence  interval  for  predict  or  coefficient*  Couxr  model  coefficients  indicate  multiplicative  change  in  predicted  measure  score  per  unit 
change  in  predictor.  Zero  model  coefficients  indicate  predicted  factor  change  in  odds  of  a  zero  scare  for  measure  per  unit  change  in  predictor. 


(P  <  .001)  and  physical  abuse  (P  =  ,001)  in  the  high- 
threshold  class,  but  there  were  no  class  differences  for 

LEC 

DISCUSSION 

Hi  is  study  examined  if  differences  in  startle  threshold 
are  associated  with  PTSD  symptom  severity  {PTSD 
state)  and/or  are  predictive  of  trait  risk  tor  developing 
PTSD  after  deployment.  Startle  responses  were  lilted 
into  three  distinct  growth  classes  across  stimulus  inten¬ 
sity  levels,  with  classes  defined  by  high.,  moderate,  and 
low  thresholds.  Z1NBR  models  indicated  that  relative  to 
moderate-threshold,  high- threshold  class  membership 
at  predeployment  was  associated  with  more  severe 
predeployment  symptoms  on  CA  PS  -total,  CAPS- 
reexperiencing,  CAPS -a  void  a  nee,  and  CAPS -numbing. 
Relative  to  moderate-threshold,  low-threshold  class 
membership  was  associated  with  decreased  likelihood  of 


being  symptom-free  at  p redeployment  on  CAPS- total, 
CAPS -numbing,  CAPS -hyperarousal,  and  BAI-somatie. 
These  findings  suggest  that  low  startle  threshold  may  be 
associated  with  increased  likelihood  of  endorsing  current 
PTSD  and  anxiety  symptoms,  whereas  high -threshold 
responding  is  associated  with  increased  PTSD  severity 
once  symptoms  emerge.  Previous  research  supports 
that  “baseline1*  EMG  startle  reactivity  is  associated  with 
PTSD  symptom  state  that  can  remit  after  treatment,^  ^ 
although  there  are  some  inconsistencies  likely  due  to 
methodological  differences J5^  Predeployment  startle 
threshold  class  did  not  predict  p  aside  ploy  mem  psychi¬ 
atric  symptoms,  suggesting  that  startle  threshold  does 
not  represent  a  trait  risk- factor  fur  developing  PTSD  or 
anxiety.  The  large  cohort  size  and  pre-  and  postdeploy¬ 
ment  assessments  used  here  build  on  previous  prospec¬ 
tive  research  finding  that  startle  sensitization  develops 
along  with  PTSD  symptoms  rather  than  representing 
a  preexisting  risk  factored  PTSD  risk  has  been  asso- 
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dated,  however,  with  startle  in  response  to  conditioned 
fear-cues  or  aversive  stimuli,!2*1*  suggesting  that  EMG 
responses  during  threat  may  probe  different  mechanisms 
of  FTSD  risk  than  “baseline”  startle  tasks.  Neither 
current  depression  nor  development  of  depression 
symptoms  were  predicted  by  threshold  class,  consistent 
with  previous  findings  that  altered  startle  response  is 
a  s  so  ci  a  te  d  w  ixh  fear  apd  anxi  e  cy  b  u  t  no  t  dep  rcss  i  on  J  v H' 1 ,0I 

The  association  of  current  PTSD  symptoms  with 
both  low  and  high  startle  thresholds  is  consistent  with 
findings  that  many  PTSD  patients  show  exaggerated 
startle  reactivity  similar  to  other  fear- based  disorders, 
whereas  PTSD  patients  with  particularly  severe  trauma 
histories  demonstrate  blunted  startle  similar  to  disorders 
of  pervasive  apprehension  and  negative  affect.*18,  Our 
finding  that  low-threshold  responding  was  associated 
with  PTSD  and  somatic  anxiety  symptoms  is  consistent 
with  a  fear-based  PTSD  presentation.  That  high- 
threshold  reactivity  was  associated  with  more  severe 
PTSD  symptoms  but  not  anxiety  symptoms  is  consis¬ 
tent  with  the  idea  that  a  subset  of  PTSD  patients  show 
diminished  defensive  responding,  fn  secondary  analyses, 
low- threshold  startle  was  associated  with  CAPS -total, 
-numbing,  and  -hyperarousal  symptoms  above  and  be¬ 
yond  variance  accounted  for  by  childhood  and  lifetime 
tra  u  m  a ,  s  u  gge  sting  th  at  el  e  va  te  d  s  ta  r  d  e  re  a  cti  vi  ty  d  eve  I  - 
ops  independently  from  trauma  exposure*  Alternatively, 
when  accounting  for  trauma  burden  high -threshold 
startle  only  remained  predictive  for  avoidance,  bur  not 
CAPS -total  or  ^experiencing  symptoms,  There  were 
no  differences  between  threshold  classes  on  measures  of 
lifetime  trauma  burden  or  depression,  although  among 
the  96  individuals  who  met  DSM-TV  criteria  for  PTSD 
at  predeployment,  those  with  high  startle  threshold 
had  greater  history  of  childhood  trauma  and  physical 
abuse*  Together,  these  results  suggest  that  FTSD 
following  high  childhood  and  lifetime  trauma  burden 
may  be  characterized  by  diminished  physiological 
reactivity,  with  trauma  burden  accounting  for  much 
of  die  association  between  blunted  startle  and  PTSD 
severity,  whereas  elevated  startle  may  he  associated 
with  PTSD  symptoms  independent  from  trauma 
history. 

These  findings  suggest  that  a  moderate  startle- 
threshold  may  indicate  minimal  current  PTSD  symp¬ 
tomatology  relative  to  high  or  low  star  tie  thresholds, 
and  may  have  important  implications  regarding  tilt*  re¬ 
lationship  between  PTSD  and  abnormalities  in  startle 
response  ne  u  roe  ir  emery.  Startle  reactivity  is  modulated 
by  the  amygdala  and  lied  nucleus  of  the  stria  terminally, 
via  projections  to  nodes  of  the  primary'  startle  circuit 
in  the  brainstem  that  mediate  startled*1!  Exaggerated 
st a rd e  reactivity  is  putatively  related  to  amygdala  by- 
peractivity  in  PTSD  (eg.,  but  several  different  neu- 
robiological  processes  might  contribute  to  low  startle 
being  associated  with  increased  psychiatric  symptoms. 
During  severe  stress,  the  periaqueductal  gray  (PAG)  in¬ 
hibits  startle  in  favor  of  other  defensive  behaviors  re¬ 
sulting  in  an  inverted -U  shaped  dose-response  function 


between  stressor  intensity  and  startle  response  J63^  Sig¬ 
naling  pathways  linked  to  inverted  U-shaped  effects  on 
startle  reactivity  that  are  abnormal  in  PTSD  include 
corticotropin  releasing  factor  (CRF)  and  glucocorticoid 
signaling.  PTSD  patients  exhibit  increased  CRF  levels 
in  cerebrospinal  fluid^-^  and  increased  glucocorticoid 
sensitivity,*™*  Moderate  CRF  and  glucocorticoid  levels 
induce  increased  startle  whereas  high  doses  induce  re¬ 
duced  startle  reactivity*' -h  CRF-rnduced  inhibition  or 
potentiation  of  startle  also  depend  on  neural  sources  of 
CRF  hyper  signaling,!74!  Future  research  is  needed  to 
determine  if  these  neural  circuits  and  signaling  path¬ 
ways  are  linked  to  different  startle  thresholds.  Under¬ 
standing  the  neurobio logical  mechanisms  influencing 
startle  threshold  might  help  identify  separate  functional 
pathologies  across  PTSD  and  other  anxiety  disorders. 

Tins  study  has  important  limitations.  First,  this  cohort 
was  entirely  male  so  it  is  unknown  if  the  findings  are 
applicable  to  females,  particularly  given  recent  gender 
differences  found  in  the  relationship  between  startle  re¬ 
activity  and  PTSD.1  ^  Second,  this  cohort  was  young, 
generally  healthy,  and  highly  screened,  all  of  which  may 
limit  generalized  lity.  Third,  the  types  of  traumas  faced 
by  this  military  cohort  may  differ  from  traumas  ex¬ 
perienced  by  civilians.  Fourth,  participants  developing 
symptomatology  postdeployment  may  have  been  less 
likely  to  remain  in  the  military  until  postdeployment  as¬ 
sessment*  Few  study  participants  met  PTSD  diagnostic 
criteria  at  pro  or  postdeployment.,  thus  dais  study  may 
have  been  underpowered  to  detect  the  relationship  be¬ 
tween  startle  threshold  and  severe  PTSD  symptoms. 

Overall,  these  findings  indicate  that  distinct  pat¬ 
terns  of  startle  reactivity  across  high  and  sub  threshold 
stimulus  intensity  are  associated  with  current  PTSD 
symptom  Estate,”  but  not  with  trait  risk  for  developing 
psychiatric  symptoms.  Moderate  startle- threshold  was 
associated  with  fewer  current  PTSD  symptoms  relative 
to  low  -  and  high -thresholds.  Future  research  should  in¬ 
vestigate  the  relationship  between  lifetime  trauma  bur¬ 
den  and  PTSD  symptom  severity  with  blunted  startle 
responding.  Additionally,  future  research  should  exam¬ 
ine  the  biological  underpinnings  of  startle  threshold  as  an 
intermediate  phenotype  for  PTSD  state.  Improved  un¬ 
derstanding  of  startle  and  other  PTSD-rdated  biomark¬ 
ers  may  facilitate  targeting  of  treatment  and  prevention 
strategies* 
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On  the  Road  to  Translation  for  PTSD 
Treatment:  Theoretical  and  Practical 
Considerations  of  the  Use  of  Human 
Models  of  Conditioned  Fear  for  Drug 
Development 


Victoria  B.  Rishrnugh,  Daniel  E.  Glenn  and  Dewleen  G.  Baker 


Abstract  The  use  of  quantitative,  laboratory-based  measures  of  threat  in  humans 
for  proof-of-concepl  studies  and  target  development  for  novel  drug  discovery  has 
grown  tremendously  in  the  last  2  decades.  In  particular,  in  the  field  of  postlraumatie 
stress  disorder  (PTSD),  human  models  of  fear  conditioning  have  been  critical  in 
shaping  our  theoretical  understanding  of  fear  processes  and  importantly,  validating 
findings  from  animal  models  of  the  neural  substrates  and  signaling  pathways 
required  for  these  complex  processes.  Here,  we  will  review  die  use  of  laboratory- 
based  measures  of  fear  processes  in  humans  including  cued  and  contextual  condi¬ 
tioning,  generalization,  extinction,  reconsolidalion,  and  reinstatement  to  develop 
novel  drug  treatments  for  PTSD.  We  will  primarily  focus  on  recent  advances  in 
using  behavioral  and  physiological  measures  of  fear,  discussing  their  sensitivity  as 
hiobehavioral  markers  of  PTSD  symptoms,  their  response  to  known  and  novel 
PTSD  treatments,  and  in  the  case  of  d-cycloserine,  how  well  these  findings  have 
translated  to  outcomes  in  clinical  trials.  We  will  highlight  some  gaps  in  the  literature 
and  needs  for  future  research,  discuss  benefits  and  limitations  of  these  outcome 
measures  in  designing  proof-of-concepl  trials,  and  offer  practical  guidelines  on 
design  and  interpretation  when  using  these  fear  models  for  drug  discovery. 
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1  Introduction 

1.1  Posttraumatic  Stress  Disorder  Prevalence 
and  Treatment  Options 


Posttraumatic  stress  disorder  (PTSD)  affects  7-8  %  of  die  general  US  population  and 
is  higher  in  recently  deployed  combat  veterans  (up  to  20  %)  (Thomas  el  at.  2010). 
Mental  disorders,  in  particular  PTSD,  are  associated  with  higher  rates  of  physical 
symptoms,  chronic  physical  illness,  and  overall  mortality  (for  review  see  Baker  et  al. 
2009).  Research  shows  that  this  increased  liability  of  physical  disease  translates  into 
greater  non-mental  health  medical  service  utilization  (e.g..  O'Donnell  et  al.  2013). 
creating  substantial  burdens  for  the  patients,  families,  and  societal  resources.  Best 
evidence  treatment  for  PTSD  includes  cognitive  behavioral  therapies,  i.e.,  cognitive 
processing  therapy  (CPT)  and  prolonged  exposure  (PE),  and  psychotropic  medica¬ 
tions  (Institute  of  Medicine  2014).  Although  cognitive  behavioral  approaches  have 
proven  efficacy  for  PTSD,  non-response  can  be  as  high  as  50  %,  leaving  unre¬ 
sponsive  or  partially  responsive  patients  with  PTSD  reliant  upon  pharmacotherapy 
(Baker  et  al.  2009;  Institute  of  Medicine  2014;  Berger  el  al.  2009).  As  with  many 
psychiatric  disorders,  the  pharmacological  tool  kit  for  PTSD  treatment  is  relatively 
small,  predominantly  selective  serotonin  or  norepinephrine  reuptake  inhibitors 
(SSRI/SNRI)  and  adjunctive  treatments  such  as  prazosin,  a  sympatholytic  drag  with 
alpha- 1  receptor  blocking  activity  (Baker  el  al.  2009;  Steckler  and  Risbrough  2012). 
These  medications  also  have  high  non-response  rales  as  well  as  side  effects  (Baker 
et  al.  2009;  Steckler  and  Risbrough  2012).  There  is  an  unquestionable  need  lo 
advance  development  of  new  treatments  for  PTSD.  with  part  of  this  effort  lying  in 
developing  innovative  approaches  to  drug  development  in  clinical  populations. 
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One  of  the  difficulties  of  identifying  biological  mechanisms  for  PTSD.  and  thus 
in  turn  developing  beneficial  treatments,  is  the  heterogeneous  patient  population 
and  wide  spectrum  of  potential  symptoms.  According  lo  the  DSM-5  (American 
Psychiatric  Association  2013).  PTSD  now  comprises  20  individual  symptoms. 
These  symptoms  are  grouped  into  four  symptom  clusters:  persistent  intrusive 
memories  of  the  trauma,  hyperarousal  and  reactivity,  avoidance  of  stimuli  related  to 
the  trauma  event,  and  negative  alterations  in  cognitions  and  mood.  Thus,  there  is  a 
wide  range  of  symptoms  that  can  be  endorsed  to  comprise  a  PTSD  diagnosis,  with 
many  possible  patterns  of  symptom  type  and  severity  across  these  clusters 
(Galatzer-Levy  and  Bryant  2013).  This  heterogeneity  suggests  that  several  potential 
biological  mechanisms  could  drive  the  development  of  PTSD.  This  multiplicity  of 
potential  hiological  mechanisms  will  induce  substantial  variance  in  how  any  given 
treatment  will  affect  a  patient’s  treatment  response. 

As  such,  the  potential  for  numerous  different  underlying  pathologies  in  patient 
groups  makes  identification  of  specific  mechanisms  across  the  population  very 
difficult.  One  approach  to  this  problem  is  lo  identify  biological  or  behavioral 
phenotypes  that  are  highly  represented  in  the  diagnostic  class  compared  to  specific 
symptoms  so  as  lo  target  a  “core”  biological  pathway  that  is  disrupted  in  most 
patients.  This  approach  assumes  that  the  heterogeneity  is  due  to  noise  in  the 
self-report  measurements  of  symptoms  and  how  they  are  experienced  and/or 
articulated,  but  perhaps  only  a  lew  biological  mechanisms  actually  drive  clinical 
dysfunction.  The  second  potential  approach  is  lo  identify  phenotypes  that  are  rel¬ 
evant  to  particular  symptom  classes  that  are  most  severe  in  a  given  individual.  This 
approach  assumes  that  certain  discrete  phenotypes  may  better  classify  dimensions 
of  specific  symptoms  experienced  by  subpopulations  within  the  diagnostic  group  as 
a  whole,  each  with  potentially  differing  biological  mechanisms  (Schmidt  2015). 

Development  of  laboratory- based  behavioral  measures  of  disease-related  pro¬ 
cesses  is  a  critical  component  of  the  evolution  of  translational  research  (Bowers  and 
Ressler  2015).  These  tasks  can  bridge  complex  clinical  presentalions  with  discrete 
biological  mechanisms  (Braff  2015;  Goltesman  and  Gould  2003;  Rasetti  and 
Weinberger  2011;  Risbrough  2010).  This  strategy  is  now  endorsed  by  the  Research 
Domain  Criteria  (RDoC)  project  by  the  National  Institute  for  Mental  Health 
(Culhbert  and  Insel  2013).  Similarly,  industry  and  academia  have  now  increasingly 
turned  to  biological  and  behavioral  markers  in  initial  proof-of-concept  studies  to 
identify  efficacy  across  specific  emotional  and  cognitive  constructs  of  PTSD  to 
guide  future  phase  II  clinical  trial  designs.  Here,  we  will  discuss  the  promise  and 
pitfalls  of  commonly  used  laboratory-based  measures  of  conditioned  fear  processes 
to  support  novel  drug  development  for  PTSD. 
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1.2  Considerations  of  Benefits  and  Limitations 
of  Laboratory- Based  Measures  of  Behavior 
for  Drug  Discovery 

1.2.1  Benefits  of  Validated  Behavioral  Phenotypes  to  Complement 
Symptom  Assessments 

(  I )  Objective,  quantifiable  assessments  of  function  compared  to  self-report. 

(2)  Often  have  well  characterized  biological  mechanism(s)  and  neural  circuit(s). 

(3)  Responses  are  predictably  controlled  by  specific  experimental  parameters  in 
keeping  with  their  use  as  an  operational  measure  of  a  defined  construct 
(e.g.,  anxiety,  fear,  arousal). 

(4)  Observable  behaviors  enable  cross-species  translation  to  lower  order  organ¬ 
isms  for  direct  mechanistic  studies  and  drug  development  (Donaldson  and  Hen 
2015). 

(5)  Compared  to  symptoms,  laboratory -based  measures  are  observable  across 
healthy  controls  and  clinical  populations,  supporting  efforts  to  disentangle 
mechanisms  that  cause  risk  versus  mechanisms  related  to  symptom  onset  and 
severity.  This  point  is  particularly  important  for  informing  treatment  approa¬ 
ches,  e.g.,  prophylactic  versus  therapeutically. 

(6)  Unlike  symptoms,  behaviors  can  be  measured  in  unaffected  relatives  to  aid  in 
identification  of  genetic  risk  factors  [e.g.,  behavioral  endophenotypes  or 
intermediate  phenotypes  (Lenzenweger  2013)]. 

(7)  Because  they  are  typically  based  on  continuous  measures,  they  offer  more 
statistical  power  than  dichotomous  diagnostic  classes. 

(8)  Most  importantly  for  drug  discovety,  they  may  probe  a  more  specific  con¬ 
ceptual  target  for  pharmacotherapy  indicated  by  preclinical  studies  (e.g., 
effective  for  enhancing  fear  extinction).  This  last  point  is  the  primary  reason 
behavioral  tests  are  being  used  more  frequently,  as  they  may  offer  a  greater 
ability  to  translate  drug  effects  that  are  based  on  specific  circuit  actions  and 
behavioral  effects  in  preclinical  models. 


1.2.2  Limitations 

(1)  Lack  of  specificity:  It  is  often  the  case  that  some  individuals  with  disrupted 
performance  in  a  behavioral  task  may  not  show  overt  functional  deficits  or 
clinical  presentation.  For  example,  menstrual  cycle  phases  are  associated  with 
reductions  in  fear  extinction  in  healthy  women  (Glover  el  al.  2015;  Milad  et  al. 
2006). 

(2)  In  the  context  of  genetic  studies,  even  relatively  “simple"  or  discrete 
laboratory-based  behaviors  do  not  guarantee  greater  heritability  or  simpler 
genetic  architecture  than  the  disorder  (Greenwood  et  al.  2007),  as  would  be 
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hoped  from  an  intermediate  phenotype  or  endophenotype.  For  example,  even  a 
behavior  as  simple  as  the  startle  reflex  may  be  modulated  by  a  huge  array  of 
biological  pathways  (Zhang  et  al.  201 1), 

(3)  Behaviors  that  initially  seemed  relatively  simple  in  terms  of  core  neural  circuit, 
e.g.,  extinction  requiring  prefrontal  cortex  activation  of  inhibitory  circuits  in 
the  amygdala,  can  have  extensive  modulatory  circuits  that  may  play  a  stronger 
role  in  how  this  phenotype  is  altered  in  a  given  disorder  compared  to  the  “core 
neural  circuit”  (Acheson  et  al.  2015c;  Maren  and  Holmes  2015;  Milad  el  al. 
2013).  Thus,  using  behavioral  performance  as  a  proxy  for  the  function  of  a 
specific  neural  circuit  or  brain  region  is  limited  unless  it  is  accompanied  by 
other  information  such  as  functional  imaging. 

Here,  we  will  review  the  state  of  the  ail  in  laboratory-based  measures  of  fear 
response  in  assessing  symptom  state  and  response  to  treatment  in  healthy  controls 
and  PTSD  patients  within  the  fear  learning  domains.  We  will  also  offer  some 
practical  considerations  for  study  design  and  interpretation  pitfalls  for  future 
planning  of  drug  efficacy  using  these  measures. 


2  Learned  Fear  Processes 

One  of  the  predominant  features  of  PTSD  symptoms  is  robust,  uncontrollable 
memories  of  the  traumatic  event,  i.e..  re-experiencing.  Secondly,  external  or 
internal  cues  that  act  as  trauma  reminders  induce  re-experiencing  with  flashbacks 
and  dissociation  at  the  most  severe  end  of  the  spectrum,  as  well  as  strong  emotional 
and  physiological  fear  responses  including  intense  anxiety  and  panic. 
Unsurprisingly,  the  disorder  is  associated  with  implicit  and  explicit  strategies  for 
cue  avoidance,  which  can  be  disruptive  to  daily  function  and  interfere  with 
long-term  recovery.  Thus,  PTSD  may  be  caused  at  least  in  part  by  disruption  in  one 
or  more  elements  of  the  learned  fear  process  (Lissek  and  van  Meurs  2014).  Here, 
we  will  describe  common  laboratory -based  measures  of  these  processes,  their 
relationship  to  symptom  clusters  and  predictive  validity  for  subsequent  clinical 
trials  if  available,  response  to  pharmacological  treatment  in  both  controls  and  PTSD 
patients,  and  considerations  of  their  use  in  drug  development  studies. 


2.1  Fear  Conditioning  and  Cued  Recall 

Laboratory -based  tasks  to  elicit  Pavlovian  fear  conditioning  in  humans  induce 
learned  fear  typically  by  presenting  a  visual  conditioned  stimuli  (CS).  such  as 
simple  shapes  or  images  in  combination  with  an  aversive  unconditioned  stimulus 
(US)  such  as  shock  to  the  wrist  or  air  puff  to  the  throat.  Operational  measurement  of 
fear  responding  to  the  CS+-  (CS  associated  with  US)  is  derived  by  comparing 
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behavior  or  physiological  responses  to  the  CS+  compared  to  CSs  that  tire  not 
presented  with  the  US  (i.e.,  safely  signal,  CS-)  or  when  no  cues  are  presented. 
Variations  include  examining  responses  to  “contextual”  versus  discrete  CS+ 
[to  examine  phasic  versus  sustained  fear  responses  (Garfinkel  et  ah  2014;  Glenn 
el  al.  2014;  Grillon  et  ah  2006)]. 


2.1,1  Do  PTSD  Patients  Exhibit  Increased  Fear  Learning/Expression? 

Is  Fear  Learning/Expression  Related  to  Specific  Symptom 

Clusters? 

The  short  answer  is  it  depends  on  the  measure.  PTSD  patients  exhibit  increased 
potentiated  startle  responses  to  discrete  fear  cues  (Briscione  et  ah  2014;  Norrholm 
et  ah  201 1)  and  contextual  fear  cues  (Grillon  et  al.  2009b);  however,  increased  fear 
is  not  consistently  detected  using  other  behavioral  or  physiological  measures  such 
as  self-report  or  skin  conductance  response  (SCR)  (Glover  et  ah  2011;  Milad  et  ah 
2008).  This  difference  may  be  related  to  specific  fear  circuitry  that  is  being  probed 
by  these  behavioral  measures,  as  startle  reactivity  is  thought  to  rellect  “automatic” 
fear  conditioning  processes  that  do  not  rely  on  contingency  awareness,  while  SCR 
and  self-report  reflect  fear  processes  that  require  contingency  awareness  (Jovanovic 
el  ah  2006;  Tabhert  el  ah  2006).  Given  that  increased  startle  reactivity  is  commonly 
described  by  patients  (DSM-IV,  DSM-5),  startle  measures  of  fear  may  specifically 
probe  abnormal  circuits  and  mechanisms  in  PTSD  that  drive  “automatic”  fear 
responses  (Grillon  2009).  As  might  be  expected,  increased  rear-potentiated  startle  is 
associated  with  high  levels  of  re-experiencing  symptoms  in  PTSD  patients 
(Norrholm  et  ah  201 1)  and  attentional  bias  to  threat  (Fani  et  al.  2012).  However,  in 
a  study  that  directly  compared  feta  acquisition  across  subjects  with  PTSD.  general 
anxiety,  or  depression  symptoms,  increased  fear  expression  was  significantly  higher 
in  individuals  with  general  cognitive  and  somatic  anxiety  symptoms  rather  than 
PTSD  or  depression  symptoms  (Acheson  et  ah  2015b).  Greater  conditioned  fear 
expression  has  also  been  reported  in  other  anxiety  disorders,  such  as  panic  disorder 
(Grillon  et  ah  2008)  and  bipolar  disorder  (Acheson  el  al.  2015c).  Thus,  increased 
fear  expression  may  reflect  a  biological  abnormality  in  subpopulations  of  anxiety 
and  mood  disorder  patients,  crossing  diagnostic  classifications. 


2.1.2  Is  Conditioned  Fear  Responding  Sensitive  to  Drugs  that  Are 
Effective  for  PTSD? 

A  reasonable  question  when  considering  a  laboratory-based  task  for  drug  discovery 
is  whether  the  task  shows  predictive  validity  for  known  therapeutic  compounds. 
Unfortunately,  there  is  disappointingly  little  work  in  this  area.  In  healthy  controls, 
fear-potentiated  startle  responses  to  cues  with  moderate  contingency  prediction 
which  arc  thought  to  elicit  sustained  anxiety  are  attenuated  by  sub-chronic  (2  week) 
SSRI  treatment  and  acute  benzodiazepine  treatment,  while  cues  with  100  % 
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contingency  for  the  aversive  US  are  not  (Acheson  et  al.  2012b;  Grillon  et  al.  2006. 
2009a).  Fear  conditioning  as  assessed  by  skin  conductance  is  unaffected  by 
sub-chronic  SSRI  treatment  (Bui  et  al.  2013).  These  data  suggest  that 
fear-potentiated  startle  has  predictive  validity  as  a  laboratory -based  measure  of  fear 
acquisition/expression  for  PTSD  under  certain  conditions,  particularly  when  cues 
elicit  more  prolonged  anxiety-like  responses  which  may  be  activating  differential 
neural  circuits  |e,g.,  bed  nucleus  stria  lerminalis,  for  review  see  Avery  et  al.  (2015) 
and  Burghardt  and  Bauer  (2013)].  Does  this  mean  discrete  fear  conditioning  tasks 
are  not  predictive  for  PTSD  therapeutics?  Perhaps,  but  an  alternative  explanation  is 
that  current  treatments,  which  work  in  50  %  or  less  of  the  population  (Berger  et  al. 
2009),  are  unable  to  treat  this  particular  facet  of  the  disorder  and  thus  are  not  useful 
positive  controls.  Further  evidence  for  predictive  validity  for  SSRI  effects  in 
patients  is  that  acute  SSRI  treatment  potentiates  fear  expression  in  conditioned  fear 
models,  similar  to  accounts  of  increased  anxiety  symptoms  in  patients  in  the  initial 
phase  of  SSRI  treatment  (Garcia-Leal  et  al.  2010;  Grillon  et  al.  2007;  Silva  el  al. 
2001).  Effects  of  prazosin,  used  for  treating  nightmares  in  PTSD  patients  and  which 
has  some  efficacy  in  animal  models  of  conditioned  fear  responding,  have  not  been 
studied  yet  in  these  human  models  (Do  Monte  el  al.  2013;  Raskind  et  al.  2013). 
This  lack  of  data  is  partly  due  to  the  requirement  for  incremental  dosing  increases 
over  weeks  to  reach  therapeutic  levels  necessary  for  efficacy  for  treatment  of 
nightmares  in  PTSD,  reducing  the  feasibility  of  using  this  compound  for  validation 
studies.  Effects  of  behavioral  therapy  on  conditioned  fear  are  also  relatively 
untested.  One  small  study  found  no  significant  reductions  in  potentiated  startle  to 
trauma-related  cues  affer  exposure  therapy  despite  >50  %  reduction  in  symptoms 
(Robison- Andrew  et  al.  2014);  however,  another  larger  study  did  find  that  exposure 
therapy  reduced  trauma-potentiated  startle  (Rothbaum  et  al.  2014).  Overall,  the 
evidence  for  predictive  validity  in  terms  of  sensitivity  to  SSRI  treatment  is  sug¬ 
gestive,  hut  there  are  clear  nuances  to  the  parameters  and  dosing  strategy  that  must 
be  considered  if  these  models  are  to  be  used. 


2.1.3  Does  Fear  Conditioning  Predict  Treatment  Response? 

Again,  there  is  very  little  work  in  this  area.  One  small  pilot  study  (n  =  9  -  IQ/group) 
showed  that  only  patients  that  show  discrimination  in  SCRs  between  the  CS+  and 
CS—  respond  to  SSRI  treatment  (Aikins  et  al.  201 1 ).  These  data  support  the  spec¬ 
ulation  that  cue  discrimination  may  probe  neural  circuits  that  are  responsive  to  SSRI 
treatment,  but  more  research  is  needed  to  confirm  this  preliminary  finding. 


2.1.4  Is  There  Evidence  for  Fear  Conditioning  to  Be  an  “Intermediate 
Phenotype”  Associated  with  Genes  that  Confer  Risk  for  PTSD? 


There  is  some  suggestion  that  genes  that  confer  risk  for  PTSD  are  also  associated 
either  with  heightened  fear  conditioning  or  with  disruption  in  ability  to  inhibit 
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conditioned  fear  in  humans  [see  next  section  below  and  see  Skelton  el  al.  (2012)  for 
review  of  genetic  approaches  to  fear  learning  phenotypes].  Examples  are  genes 
involved  in  noradrenergic  (ADRA2B),  serotonergic  (SLC6A4),  and  catecholamine 
signaling  (COMT),  in  cellular  signaling  pathways  that  support  neural  plasticity 
[PRK.CA  and  WWCI;  for  review  see  Wilkeret  al.  (2014)].  and  in  genes  involved  in 
the  neuroendocrine  stress  response  [PACAP/PACI,  Ressler  el  al.  (2011)]  and 
opioid  signaling  (Andero  et  al.  20 13).  Thus  far.  however,  only  candidate  gene 
studies  have  been  conducted  on  fear  acquisition  and  expression  phenotypes,  no 
genome-wide  association  studies  have  been  published  yet. 


2.2  Fear  Extinction ,  Reconsolidation,  and  Reinstatement 

Fear  conditioning  is  vital  for  survival,  enabling  threat  prediction  and  consequent 
behavioral  responses  to  avoid  harm.  As  cues  become  less  predictive  of  aversive 
stimuli,  however,  organisms  adapt  to  tit  is  change  with  reduced  conditioned 
responding  termed  extinction.  The  process  of  fear  extinction  is  subserved  by  a 
hippocampal-amygdala-prefrontal  cortex  circuit,  with  the  prefrontal  cortex  acti¬ 
vation  of  inhibitory  circuits  in  the  amygdala  resulting  in  reduced  fear  responses  to 
previously  learned  fear  cues  (lor  review  see  Milad  and  Quirk  2012).  Extinction  does 
not  modify  or  "erase”  the  original  CS-US  association,  but  instead  represents  new 
inhibitory  learning  that  actively  competes  with  the  original  excitatory  CS-US 
associative  memory  (Bouton  1993).  This  hypothesis  is  supported  by  a  number  of 
return  of  fear  phenomena  including  reinstatement  of  conditioned  fear,  in  which 
following  fear  extinction  a  brief  re-exposure  to  an  unpaired  US  induces  full 
recovery  of  the  original  conditioned  fear  response  ( blanker  et  al.  2014;  Myers  and 
Davis  2002).  Modification  of  the  original  fear  memory  can  occur,  however,  via 
reconsolidation,  a  period  in  which  a  memory  is  activated  and  is  thus  transiently 
labile,  thought  to  subserve  an  "updating"  function  [see  following  sections  below  for 
further  details  (Nader  2015)]. 


2.2.1  Do  PTSD  Patients  Exhibit  Changes  in  Fear  Extinction 
Processes? 

PTSD  has  been  described  as  a  disorder  characterized  by  a  failure  in  extinction.  Most 
trauma  survivors  exhibit  PTSD  symptoms  initially  after  the  traumatic  experience; 
however,  over  time  most  survivors  (80-90  %)  will  return  to  normal  functioning, 
while  a  small  subset  continues  to  exhibit  robust,  debilitating  trauma  memories  that 
interfere  with  normal  functioning  (Rothbaum  et  al.  1992;  Rothbaum  and  Davis 
2003).  Extinction  is  a  critical  component  to  the  efficacy  of  exposure  therapy  for 
PTSD.  which  exposes  the  patient  to  trauma-related  memories  and/or  cues  both  in 
the  clinic  and  in  vivo  (Craske  et  al.  2014). 
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PTSD  patients  exhibit  reduced  fear  extinction  learning  and  retention  in  the 
laboratory,  indicating  that  poor  extinction  of  fear  responses  to  trauma-related  cues 
may  be  a  mechanism  underlying  PTSD  (Aeheson  et  al.  2015b;  Mi  lad  et  al.  2008; 
Norrholm  et  al.  201  I).  In  a  recent  comparative  study  across  subjects  reporting 
primarily  PTSD.  general  anxiety,  or  depression  symptoms,  extinction  deficits  were 
only  observed  in  subjects  with  PTSD  (Aeheson  et  al.  2015b),  suggesting  that  poor 
extinction  is  specifically  related  to  trauma-related  symptoms  as  opposed  to  general 
symptoms  of  low  mood  or  ruminative  anxiety.  PTSD  patients  also  exhibit  func¬ 
tional  and  structural  abnormalities  in  the  fear  extinction  network  including  the 
hippocampus,  amygdala,  and  frontal  cortex  [for  review  see  Aeheson  et  al.  (2012a), 
Shvil  et  al.  (2013)).  During  extinction  learning,  PTSD  is  associated  with  reduced 
activation  of  the  ventral  medial  prefrontal  cortex  and  increased  activation  of  the 
amygdala  and  dorsal  anterior  cingulate,  suggesting  reduced  inhibitory  modulation 
by  cortical  inputs  to  fear  circuits  (Shvil  et  al.  2013).  Twin  studies  suggest  that  poor 
extinction  observed  in  PTSD  is  associated  with  symptom  slate,  rather  than  a 
vulnerability  trait  for  PTSD  (but  see  Lommen  et  al.  2013;  Milad  et  al.  2008), 
suggesting  it  could  play  a  role  in  maintenance  of  PTSD  symptoms  once  they 
emerge.  Hence,  pharmacological  enhancement  of  the  neuroplasticity  of  this  circuit 
is  of  particular  interest  for  novel  therapeutic  approaches  to  PTSD,  particularly  in 
conjunction  with  exposure  therapy. 


2.2.2  Pharmacological  Approaches  for  Pear  Extinction  in  PTSD 

There  has  been  an  explosion  of  basic  and  clinical  research  on  mechanisms  of  fear 
extinction,  with  a  large  literature  on  the  cell  signaling  mechanisms  that  mediate  and 
modulate  fear  extinction  learning  and  recall.  This  literature  has  recently  been  com¬ 
prehensively  reviewed  (Maren  and  Holmes  2015;  Singewald  et  al.  2015);  thus,  here, 
we  will  focus  on  a  brief  synopsis  of  the  use  of  d-cycloserine  (DCS),  as  this  treatment  is 
the  most  advanced,  providing  a  primer  in  the  successes  and  difficulties  of  translating 
animal  and  preclinical  findings  in  fear  behavior  to  clinical  treatment  strategies. 

The  concept  of  developing  adjunctive  pharmacotherapies  for  cognitive  or 
exposure-based  therapies  was  largely  driven  by  the  work  of  Michael  Davis  and 
Kerry  Ressler.  They  first  showed  that  DCS,  a  partial  NMDA  receptor  agonist, 
administered  during  extinction  training  resulted  in  enhanced  fear  extinction  recall  in 
animals.  Subsequently,  they  showed  that  DCS  administered  during  virtual 
reality-based  exposure  therapy  for  fear  of  heights  significantly  increased  the  ther¬ 
apy’s  efficacy  in  reducing  phobia  symptoms  (Ressler  el  al.  2004;  Walker  et  al. 
2002).  These  seminal  papers  more  than  a  decade  ago  led  to  a  burst  of  activity  across 
a  number  of  disorders,  showing  initial  increased  efficacy  of  DCS  treatment  for 
exposure  therapies  for  phobias,  panic  disorder,  and  obsessive  compulsive  disorder 
which  has  been  confirmed  by  two  meta-analyses  (Boniempo  et  al.  2012;  Norberg 
et  al.  2008).  “High-throughput”  clinical  trials  have  been  developed  to  test  efficacy 
of  drugs  for  enhancement  of  exposure-based  therapy  (Rodebaugh  and  Lenze  2013; 
Rodebaugh  et  al.  2013).  However,  the  translation  to  exposure  therapy  elfects  in 
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PTSD  patients  is  less  compelling.  Four  studies  have  examined  DCS  enhancement 
of  exposure  therapy,  with  either  positive  effects  (Difede  el  al.  2014).  equivocal,  or 
marginal  effects  (tie  Kleine  el  al.  2012;  Rothbaum  et  al.  2014),  negative  effects 
(Scheeringa  and  Weems  2014),  or  even  deleterious  effects  (Litvin  el  al.  2007). 
These  mixed  results  have  suggested  a  number  of  potential  issues  that  need  con¬ 
sideration  when  designing  treatment  trials  for  DCS  (and  other  putative  extinction 
enhancing  treatments):  ( I )  are  the  effects  of  DCS  more  on  speed  of  response  rather 
than  magnitude  of  response  to  exposure,  two  differing  hypotheses  that  will  require 
different  experimental  designs/analysis  to  probe  efficacy;  (2)  what  is  the  correct 
dosing/timing  of  treatment;  (3)  does  DCS’s  cognitive  enhancement  promote  inhi¬ 
bitory  learning  to  the  extinction  context,  which  might  subsequently  contribute  to 
contextual  renewal  of  fear  (Vervliel  2008);  and  (4)  does  DCS  need  to  be  targeted 
toward  only  the  successful  therapy  sessions  [for  a  detailed  review,  see  Hofmann 
et  al.  (2015)].  This  latter  issue  is  because  DCS  is  a  broad  cogniti  ve  enhancer,  it  can 
enhance  both  fear  learning  and  extinction  learning  (Lee  et  al.  2006);  thus,  if  the 
exposure  session  is  unsuccessful  in  promoting  extinction,  it  could  instead  promote 
reconsolidation  (i.e.,  strengthening  of  conditioned  fear  to  trauma  memories  and 
cues)  that  is  then  increased  by  DCS  treatment.  Thus  far.  however,  predicting  a 
“successful”  session  versus  an  unsuccessful  one  has  been  elusive.  Alternatively, 
other  groups  are  working  to  identify  prescriptive  variables  that  predict  which 
subjects  would  most  benefit  from  treatment,  i.e..  those  with  the  most  severe  PTSD. 
specific  symptom  classes,  or  other  traits  (de  Kleine  el  al.  2012,  2014). 

It  is  worth  noting  that  in  humans.  DCS  has  generally  been  found  to  he  more 
efficacious  in  adjunct  trials  with  exposure  therapy  in  patient  populations,  compared 
to  enhancing  extinction  of  conditioned  fear  produced  in  the  laboratory  in  healthy 
controls.  One  study  (Kuriyama  el  al.  2011)  out  of  3  found  DCS  (and  valproic  acid) 
to  enhance  extinction.  This  study  was  the  only  one  to  utilize  a  reinstatement 
component,  with  DCS  during  extinction  training  affecting  not  within-session 
learning  or  recall,  but  instead  suppressing  reinstatement.  DCS  was  ineffective  in 
studies  that  limited  their  design  to  testing  extinction  acquisition  and  24-h  recall 
(Guastella  el  al.  2007;  Klumpers  et  al.  2012).  It  has  been  suggested  that  this  lack  of 
translation  of  DCS  effects  on  extinction  in  animals  to  extinction  in  healthy  human 
subjects  may  be  because  extinction  protocols  in  the  laboratory  are  not  probing 
“automatic”  learned  fear  and  extinction  processes,  but  are  instead  governed  by 
top-down  executive  functions  (Grillon  2009).  More  recent  studies,  however,  sug¬ 
gest  that  extinction  in  healthy  controls  is  sensitive  to  putative  extinction  enhancing 
drugs  such  as  cannabinoid  receptor  agonists  and  oxytocin  (Acheson  el  al.  2013;  Das 
el  al.  2013;  Eckstein  el  al.  2014;  Rabinuk  el  al.  2013),  which  suggests  that  these 
tests  are  “translational”  in  that  they  are  sensitive  to  drugs  that  have  shown  efficacy 
in  animal  extinction  studies  (Singewatd  el  al.  2015).  Whether  these  drugs  can  then 
also  make  the  leap  to  enhancement  of  exposure  therapy  or  PTSD  treatment  is  thus 
far  mixed.  Efficacy  of  cannabinoid  receptor  agonists  lor  treating  PTSD  symptoms  is 
promising  (Cameron  et  al.  2014;  Roitman  et  al.  2014),  while  oxytocin  effects  on 
exposure  therapy  are  less  clear  (Acheson  el  al.  2013.  2015a;  Guastella  el  al.  2009; 
Acheson  and  Risbrough  2015). 
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2.2.3  Is  Fear  Extinction  Sensitive  to  Drugs  that  Are  Effective 
for  PTSD? 

Although  the  bulk  of  pharmacology  directed  at  extinction  processes  has  been  of 
drugs  that  are  hypothesized  to  specifically  act  on  this  mechanism,  it  is  lair  to  ask 
whether  extinction  is  sensitive  lo  current  treatments.  Chronic  fluoxetine  in  rodents 
facilitates  extinction  learning  and  extinction  memory  recall,  particularly  in  females 
(Deschaux  et  al.  2011;  Fitzgerald  et  al.  2014;  Lebron-Milad  et  al.  2013),  and 
escitalopram  enhances  extinction  in  healthy  humans  (Bui  el  al.  2013),  suggesting 
that  examining  effects  of  a  drug  on  extinction  may  predict  efficacy  as  an  overall 
treatment  beyond  use  as  an  adjunctive  treatment  with  therapy.  Paroxetine  tran¬ 
siently  enhanced  effects  of  exposure  therapy  (Schneier  et  al.  2012);  however,  other 
studies  show  no  efficacy  of  SSRls  to  enhance  exposure  therapy  in  PTSD  (Foa  et  al. 
2005;  Heirick  et  al.  2010).  It  should  be  noted  that  when  undergoing  exposure 
therapy,  many  opporiunilies  for  exposure  are  outside  of  the  therapist’s  office  via 
“homework"  developed  to  promote  in  vivo  exposure  in  the  patient’s  environment 
[in  addition  to  imaginal  exposure  in  prolonged  exposure];  thus,  a  drug  ilia!  can  be 
given  chronically  may  actually  be  more  effective  than  a  drug  limited  lo  expusure 
session  treatments.  Based  on  lessons  learned  from  DCS  in  terms  of  potential 
unintentional  enhancement  of  fear  learn ing/reeonsolidat ion,  chronic  treatment  will 
depend  on  how  selectively  the  drug  acts  on  fear  extinction  mechanisms  versus 
broader  mechanisms  of  neural  plasticity.  (Besides  its  non-selective  effects  on 
extinction.  DCS  cannot  be  given  chronically  due  lo  rapid  tolerance.)  An  example  of 
a  potential  target  with  more  selective  effects  on  extinction  enhancement  are  agonists 
of  the  cannabinoid  1  receptor,  in  particular  drugs  that  enhance  endogenous  ligand 
availability  via  inhibition  of  degradation  (Sleekier  and  Risbrough  2012). 


2.2.4  Does  fear  extinction  performance  predict  treatment  response? 

Currently,  it  is  unknown  whether  extinction  performance  or  other  markers  of 
extinction  (e.g.,  ventral  medial  frontal  cortex  activation  during  recall)  predict  what 
type  of  treatment  (e.g.,  pharmacology  versus  exposure  therapy)  or  how  much 
treatment  (e.g..  how  many  exposure  sessions)  might  be  most  beneficial  for  patients. 
This  question  is  of  great  interest  in  terms  of  supporting  personalized  medicine 
approaches  and  is  actively  being  pursued  by  a  number  of  research  groups. 


2.3  Reconsolidation  and  Reinstatement 

Reconsolidation  occurs  when  a  memory  is  reactivated  resulting  in  a  period  of 
transient  lability  of  the  underlying  neuroplaslic  mechanisms  supporting  the 
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memory.  During  reconsolidalion.  old  memories  can  be  strengthened  or  disrupted  by 
drugs  that  modulate  consolidation  mechanisms.  The  best  characterized  manipula¬ 
tion  of  recon solidalion  of  conditioned  fear  is  via  noradrenergic  manipulations,  with 
propranolol,  a  beta-adrenergic  receptor  antagonist,  disrupting  reconsolidalion  and 
subsequent  conditioned  fear  responses  in  both  animals  and  humans  [ror  review  see 
Otis  el  al.  (2015)1.  A  recent  meta-analysis  indicates  that  propranolol  is  effective  for 
blocking  both  consolidation  and  reconsolidalion  of  fear  memories  in  healthy 
humans  (Lonergan  el  al.  2013).  Recent  studies  however  suggest  that  experimental 
design  may  be  critical,  with  efficacy  of  propranolol  given  before  memory  reacti¬ 
vation  having  limited  effect  (Wood  el  al.  2015).  Sevenster  and  colleagues  showed 
that  propranolol  effects  were  only  observable  in  conditions  in  which  reconsolidalion 
occurred  under  prediction  uncertainty  (i.e..  the  CS+  may  or  may  not  be  followed  by 
the  US),  suggesting  that  reconsolidation  only  occurs  if  the  memory  is  actively  being 
updated  with  new  information  (Sevenster  et  al.  2012).  This  group  also  cleverly 
showed  that  reconsolidalion  can  be  triggered  not  just  by  the  specific  CS+,  but  also 
by  a  semantically  similar  stimulus.  Memory  reactivation  by  semantically  similar 
stimuli  was  sensitive  to  propranolol  disruption  (Sneter  and  Kindt  2015).  This 
finding  supports  the  feasibility  of  reconsolidalion -based  therapy,  given  the  difficulty 
in  accurately  reconstructing  trauma  specific  cues. 

Reinstatement  is  when  previously  extinguished  conditioned  responding  is  “re¬ 
instated”  after  re-exposure  to  a  US  (Rescorla  and  ifelh  1975).  This  phenomenon 
supports  the  now  established  view  that  extinction  training  does  not  “erase”  the  fear 
memory,  but  instead  creates  a  competing  CS-“No  US”  association  with  the  original 
CS-US  association.  This  CS— “No-US"  association  is  further  complicated  by  its 
dependence  upon  the  extinction  training  context  (Bouton  2014;  Bouton  and  Todd 
2014.)  Studies  of  fear  reinstatement  in  humans  are  relatively  new  and  thus  far 
primarily  in  healthy  human  controls  (Dirikx  et  al.  2007;  Hermans  et  al.  2005; 
Neumann  2008;  Sokol  and  Lovibond  2012).  Preliminary  evidence  suggests  that 
cannabinoid  receptor  agonists  given  during  or  immediately  after  extinction  training 
may  suppress  reinstatement  (Das  et  al.  2013).  There  is  an  excellent  review  of 
current  findings,  methodology,  and  considerations  for  developing  reinstatement 
protocols  for  drug  development  from  the  Lonsdorf  laboratory  (Haaker  el  al.  2014). 


2.4  Contextual  Modification  and  Generalization  of  Learned 
Fear  and  Extinction 

Pavlovian  fear  conditioning  occurs  not  only  to  discrete  cues  associated  with  a 
trauma,  but  also  to  the  context  in  which  a  trauma  occurs.  The  definition  of  what 
constitutes  an  associative  context  remains  broad,  but  typically  includes  at  least  one 
of  the  following  qualities:  (1)  unpredictable  prediction  of  the  US;  (2)  longer 
duration  than  a  common  discrete  CS;  and  (3)  complex,  multimodal  features. 
Contexts  have  been  operationalized  in  numerous  ways  in  laboratory  tasks. 
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including  the  experimental  setting  itself,  a  virtual  reality  setting,  pictures  of  rooms, 
and  simple  cues  with  an  unpredictable  US  association  (e.g.,  Alvarez  et  al.  2011; 
Armony  and  Dolan  2001;  Bouton  el  al.  2006;  Glenn  et  al.  2014;  Grillon  2002; 
Elfting  and  Kindt  2007;  Neumann  et  al.  2007). 


2.4.1  Do  PTSD  Patients  Have  Altered  Contextual  Pear  Learning? 

There  is  substantial  research  on  contextual  fear  learning  in  animal  models  of  PTSD 
(e.g..  Daskalakis  el  al.  2013),  though  laboratory  research  on  contextual  learning  in 
PTSD  patients  remains  limited.  Elevated  startle  response  to  unpredictable  contex¬ 
tual  threat  has  been  found  in  PTSD  patients  (Grillon  el  al.  2009a.  b).  This  finding 
suggests  that  PTSD  patients  may  have  elevated  sensitivity  lo  unpredictable  threat, 
which  con  tributes  to  sustained  tonic  “anxiety"  responding,  associated  with  activity 
in  the  bed  nucleus  of  the  stria  terminal  is  (Walker  el  al.  2003). 

Successful  fear  learning  about  multimodal  contextual  features  depends  upon 
configural  processing  in  which  a  single  configural  representation  binds  together 
numerous  co-occurring  contextual  elements  (e.g.,  Rudy  el  al.  2004).  Conligural 
representation  is  a  hippocampus-dependent  learning  process  supporting  identifica¬ 
tion  of  whether  a  context  is  similar  (“pattern  completion”)  or  dissimilar  (“pattern 
separation")  to  a  previously  encountered  context.  Impaired  configural  processing  of 
a  traumatic  context  has  been  theorized  to  contribute  to  contextual  overgeneraliza¬ 
tion  of  fear  experienced  In  PTSD  (Acheson  et  al.  2012a,  b;  Glenn  et  al.  2014).  Few, 
if  any,  studies  have  directly  examined  configural  fear  learning  processes  in  PTSD 
patients.  A  fear  conditioning  study  using  two-dimensional  images  of 
similar-looking  rooms  as  distinct  contexts  found  that  PTSD  patients  demonstrated 
poorer  differentiation  than  healthy  controls  between  threat  versus  safe  contexts  in 
contingency  ratings  (Steiger  et  al.  2015).  The  authors  note  that  the  contextual 
stimuli  used  in  this  study  were  relatively  simple  static  photographs  of  rooms 
(hallway,  library)  so  contextual  differentiation  in  this  task  may  not  have  required 
configural  processing.  For  example,  it  would  have  heen  possible  to  distinguish 
between  contexts  by  attending  to  a  single  contextual  element  (the  presence  or 
absence  of  books  on  the  walls)  without  considering  the  overall  configurations, 
meaning  that  this  task  did  not  necessarily  evaluate  hippocampus-dependent  con¬ 
textual  fear  learning  deficits  in  PTSD.  Configural  learning  deficits  have  been  found 
in  PTSD  combat  veterans,  and  their  non-trauma  exposed  twins  relative  to 
non-PTSD  combat  veterans  (Gilbertson  et  al.  2007),  though  this  study  utilized  a 
“cube  and  paper  test”  which  did  not  examine  contextual  learning  in  relation  lo  fear 
conditioning. 

PTSD  patients  have  been  shown  Lo  exhibit  deficient  extinction  of  contextual  fear 
(Steiger  et  al.  2015).  There  is  an  extensive  literature  on  contextual  modulation  of 
extinction  and  return  of  fear  in  patients  with  anxiety  disorders  (e.g..  Vervliel  et  al. 
2013)  and  some  evidence  of  altered  contextual  modulation  of  extinction  in  PTSD 
patients  (Rougemont-B licking  et  al.  201 1). 
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2.4.2  Do  PTSD  Patients  Have  Altered  Generalization  of  Fear? 

Generalization  of  fear  is  the  process  whereby  conditioned  fear  responding  occurs 
not  only  to  stimuli  directly  associated  with  the  US.  but  also  to  stimuli  similar  to  the 
CS  (e.g..  Dunsmoor  and  Puz  2015;  Dymond  el  al.  2014).  Fear  generalization  is  a 
particularly  relevant  process  for  PTSD  as  much  of  the  fear  experienced  by  PTSD 
patients  is  triggered  by  encountering  generalization  stimuli  (GS)  which  act  as 
reminders  of  the  trauma  due  to  similarity  to  the  original  conditional  stimuli,  rather 
than  through  encountering  the  actual  stimuli  directly  involved  in  the  trauma. 
Laboratory  assessment  of  fear  generalization  typically  includes  two  phases:  (I)  a 
standard  differential  fear  conditioning  phase  involving  both  a  CS-f  repeatedly 
predictive  of  an  aversive  US  and  a  CS-  never  paired  with  the  US  and  (2)  a  gen- 
eralizalion  test  measuring  responding  to  GSs  with  varying  levels  of  similarity  or 
relaledness  to  the  CS+.  The  CS+  and  CS—  in  generalization  tasks  commonly  differ 
along  a  particular  observable  gradient,  such  as  size  or  color  (e.g.,  small  circle/large 
circle,  black  square/white  square),  but  there  has  been  extensive  research  on 
non -perceptual  forms  of  generalization  as  well  including  category-based,  semantic, 
and  symbolic  fear  generalization  [for  reviews  see  Dunsmoor  and  Paz  (2015),  and 
Dymond  et  al.  (2014)].  Through  such  methodology,  a  generalization  gradient  is 
generated,  indicating  the  extent  to  which  strong  conditional  responding  occurs  only 
to  GSs  very'  similar  to  the  CS+  (steep  gradient)  versus  responding  to  GSs  with  high 
and  low  CS+  similarity  (shallow  gradient). 

Despite  a  robust  literature  on  fear  generalization  and  a  sound  theoretical  basis  for 
the  relevance  of  generalization  to  PTSD,  laboratory  research  on  fear  generalization 
in  PTSD  patients  is  extremely  limited.  Relative  to  healthy  controls,  PTSD  patients 
as  well  as  panic  disorder  and  generalized  anxiety  disorder  patients  show  shallow 
fear  generalization  gradients,  indicating  overgeneralization  of  conditioned  fear 
(Lissek  el  al.  2010,  2014a;  Lissek  and  van  Meurs  2014).  These  data  are  in  line  with 
findings  that  subjects  with  PTSD  do  not  show  physiological  discrimination  between 
CS+  and  CS-  cues,  even  though  they  report  contingency  awareness  perfectly 
accurately  (Acheson  et  al.  2015b;  Jovanovic  el  al.  2012).  This  deficit  in  “automatic” 
fear  discrimination  between  sale  and  threat  cues  appears  to  be  specific  to  PTSD 
symptoms  compared  to  generalized  anxiety  or  depression  symptoms  (Acheson  et  al. 
2015b),  Thus,  phannaco logical  enhancement  of  cue  discrimination  may  be  an 
effective  strategy  for  a  number  of  anxiety  disorders,  not  just  PTSD. 

Recent  neural  models  of  fear  generalization  identify  hippocampal  substrates 
involved  in  both  pattern  completion  (CA3  region,  involved  in  recognizing  a  GS  as 
similar  to  previously  encountered  CS+)  and  pattern  separation  (i.e..  dentate  gyrus, 
involved  in  recognizing  a  GS  as  dissimilar  from  previously  encountered  CS+). 
while  subregions  of  the  central  and  lateral  amygdala,  (he  bed  nucleus  of  the  stria 
terminalis,  and  the  ventromedial  prefrontral  cortex  have  been  implicated  in 
expression  of  generalized  fear  (Besnard  and  Sahay  2015;  Dunsmoor  and  Paz  2015; 
Lissek  et  al.  2014b).  It  is  noteworthy  that  models  of  pattern  completion  and  sep¬ 
aration  in  fear  generalization  are  similar  to  hippocampus-centered  models  of  con¬ 
textual  fear  learning  (Kheirbek  et  al.  2012;  Rudy  el  al.  2004).  Conligural  learning  is 
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thought  to  encode  complex,  multimodal  features  of  the  trauma  environment, 
however,  while  the  term  fear  generalization  is  typically  used  in  relation  to  dis¬ 
crimination  across  relatively  simple  stimulus  gradients.  Greater  generalization  of 
simple  stimuli  may  be  expected  when  configured  learning  of  contextual  information 
is  impaired  such  that  context  learning  must  be  learned  through  elemental  repre¬ 
sentation.  a  learning  process  in  which  individual  contextual  elements  are  not  bound 
together  but  independently  associated  with  the  negative  outcome  (Maren  et  al, 
1997;  Rudy  et  al.  2004). 


2.4.3  Are  Contextual  Pear  Learning  and  Pear  Generalization 

Processes  Sensitive  to  Drugs  that  Are  Effective  for  PTSD? 

No  research  to  date  has  examined  drug  effects  on  contextual  fear  learning  or  fear 
generalization  processes  in  PTSD  patients,  though  preliminary  experimental 
research  suggests  that  acute  glucose  consumption  may  enhance  retention  of  dif¬ 
ferential  conligural  fear  learning  (Glenn  et  al.  2014).  In  healthy  subjects,  acute 
administration  of  I  mg  of  the  benzodiazepine  alprazolam  reduced  sustained  startle 
responding  in  both  predictable  and  unpredictable  “context”  periods,  but  did  not 
alter  responding  to  discrete  cues  associated  with  predictable  and  unpredictable 
threat  (Grillon  et  al.  2006).  These  findings  tentatively  suggest  that  acute  benzodi¬ 
azepine  administration  might  reduce  sustained  contextual  anxiety  in  PTSD  patients, 
though  they  do  not  indicate  treatment  effects  lor  sensitivity  to  unpredictable  threat. 

Findings  from  animal  research  are  mixed  regarding  medication  effects  on  con¬ 
textual  fear  learning.  One  recent  review  concludes  that  both  acute  and  chronic  SSRI 
administration  reduce  plasticity  in  the  hippocampus  and  decrease  expression  of 
contextual  fear  learning  (Burghurdt  and  Bauer  2013),  while  another  review  suggests 
that  chronic  antidepressant  administration  enhances  configura!  learning  processes 
through  promotion  of  neurogenesis  in  the  dentate  gyrus  (Caslren  and  Hen  2013). 
Given  the  involvement  of  pattern  separation  and  pattern  completion  in  both  fear 
generalization  and  contextual  fear  learning,  there  is  reason  to  expect  that  drugs 
promoting  neurogenesis  in  the  dentate  gyrus  might  be  used  to  both  improve  con¬ 
figura]  learning  of  contextual  information  and  decrease  overgeneralization  of  feared 
stimuli  in  PTSD  patients  (Besnard  and  Sahay  2015;  Castren  and  Hen  2013).  No 
research  has  directly  examined  drug  modulation  of  contextual  fear  extinction  in 
PTSD,  though  it  has  been  argued  that  DCS  promotes  contextual  safely  learning 
(Vervliet  2008;  Woods  and  Bouton  2006).  Theoretically,  drugs  that  improve  pattern 
completion  and  separation  could  be  used  prophylactically  during  or  immediately 
following  trauma  to  improve  specificity  of  learning  and  prevent  overgeneralization 
of  contextual  or  discrete  fear  (Glenn  et  al.  2014).  Conversely,  such  drugs  may  be 
contraindicated  for  use  in  conjunction  with  exposure  iherapy  for  PTSD  and  other 
anxiety  disorders  given  concerns  that  greater  contextual  specificity  of  fear  extinc¬ 
tion  learning  increases  the  probability  of  contextually  mediated  renewal  of  fear 
(Bouton  et  al.  2006;  Vervliet  el  al.  2013). 
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2.5  Practical  Considerations  When  Using  Learned  Fear 
Processes  as  a  Marker  of  Drug  Efficacy 

Because  fear  conditioning  involves  active  learning,  consolidation,  and  recall, 
treatment  regimens  will  have  critical  consequences  on  how  drug  effects  can  be 
interpreted.  Whether  a  treatment  is  hypothesized  to  block  fear  consolidation  (i.e., 
potential  utility  as  prophylactic)  versus  simply  block  fear  expression  (i.e.,  thera¬ 
peutic  utility)  is  a  key  component  to  appropriate  study  design.  Sub-chronic  or 
chronic  dosing  regimens  are  the  norm  for  initial  early  phase  studies.  Animal  studies 
of  when  the  drug  is  most  effective,  either  at  blocking  fear  conditioning  or  at 
expression,  are  critical  in  planning  interpretabfe  fear  conditioning  studies  across  the 
dosing  timeline  (e.g.,  condition  before  or  during  dosing  to  lest  drug  effects  on 
expression  versus  conditioning,  respectively).  There  is  a  similar  issue  for  studies  of 
extinction,  with  a  note  of  caution  from  our  own  studies  on  oxytocin  effects  on 
extinction.  To  test  the  effects  of  oxytocin  on  extinction,  we  employed  a  common 
2-day  protocol:  on  the  first  day,  fear  conditioning  was  followed  by  drug  treatment 
and  subsequent  extinction  training  trials,  with  the  fear  recall  test  24  h  later.  We 
found  a  significant  increase  in  extinction  recall  in  the  oxytocin  group  (i.e.,  less 
fear  than  placebo),  suggesting  a  potential  enhancement  of  extinction  encoding/ 
consolidation  (Acheson  el  al.  2013).  A  recent  study  using  fMRI  with  a  very  similar 
1-day  design  of  fear  conditioning  being  followed  by  treatment  and  extinction 
training  confirmed  that  wilhin-session  extinction  could  be  enhanced  by  prelraining 
oxytocin  (Eckstein  el  al.  2014).  These  findings  supported  subsequent  examination 
of  oxytocin  to  enhance  extinction-based  therapy.  However,  a  preliminary  study  we 
conducted  in  spider  phobia  subjects  indicated  tiial  oxytocin  treatment  has  the 
opposite  effect  than  expected,  and  it  interfered  with  exposure  therapy  effects,  with 
placebo  treated  subjects  exhibiting  belter  long-term  reductions  in  phobia  symptoms 
than  the  oxytocin-treated  subjects  (Acheson  et  al.  2015a).  It  is  not  clear  whether  this 
lack  of  translation  is  due  to  a  potential  design  problem  in  the  exposure  therapy  trial, 
including  loo  short  an  exposure  regimen  (I  session),  or  whether  our  interpretation 
of  oxytocin  effects  in  laboratory-based  tasks  was  erroneous.  An  alternate  inter¬ 
pretation  is  that  oxytocin  treatment,  administered  soon  after  fear  conditioning,  could 
instead  have  disrupted  consolidation  of  the  fear  memory  (Acheson  and  Risbrough 
2015).  Thus,  what  was  interpreted  as  effects  on  improving  extinction  training/recall 
may  have  actually  been  interfered  with  fear  consolidation,  and  only  a  test  design  in 
which  conditioning  and  extinction  are  separated  more  widely  in  lime  (i.e.,  24  h)  can 
be  sure  of  the  correct  interpretation.  A  3 -day  design,  with  conditioning,  extinction, 
and  recall  on  separate  days,  is  of  course  more  difficult  in  terms  of  retraining  sub¬ 
jects;  however,  such  a  design  will  greatly  enhance  accurate  interpretation. 

An  additional  concern  in  terms  of  drugs  effects  on  fear  extinction  is  whether 
inhibitory  learning  processes  are  expedited  (i.e.,  faster  reduction  in  fear)  or  made 
more  robust  to  relapse.  It  has  recently  been  noted  that  in  exposure  therapy,  the  extent 
to  which  reductions  in  fear  are  long-lasting  and  resistant  to  relapse  may  be  of  greater 
clinical  value  than  the  sheer  magnitude  of  decrease  in  fear  (Vervliet  et  al.  2013). 
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This  same  consideration  should  be  given  to  evaluating  drugs  targeting  fear  extinc¬ 
tion.  with  designs  that  incorporate  assessment  of  long-term  recall  and  resistance  to 
return  of  fear. 


3  Summary 

In  conclusion,  the  use  of  laboratory -based  measures  of  fear  processes  has  offered 
the  promise  of  exciting  new  targets  for  PTSD.  Although  the  field  continues  to  have 
gaps  between  findings  in  laboratory-based  fear  and  effects  in  exposure-based 
therapy  fe.g.,  DCS  and  oxytocin),  parallel  work  in  better  defining  DCS  effects  on 
fear  processes  and  how  these  effects  might  both  impede  and  facilitate  exposure  are 
currently  underway.  Using  laboratory  measures  of  fear  learning  processes  to  predict 
treatment  response  in  patients  is  also  potential  evolution  of  the  utility  of  fear-based 
tasks  in  informing  treatment  approaches.  As  discussed  above,  careful  evaluation  of 
study  design  and  treatment  approaches  within  the  fear  learn ing/extinclion  contin¬ 
uum  will  be  critical  in  early-phase  proof-of-concepl  studies.  Designing  studies  with 
assessment  of  long-term  recall/resistance  to  reinstatement  will  also  be  critical  in 
evaluating  drug  effects  either  on  fear  consolidation  (inhibitory)  or  on  fear  extinction 
(enhancement  or  improved  generalization)  for  the  chances  of  efficacy  in  the  clinic. 
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Characterization  of  Cerebrospinal  Fluid  (CSF)  and  Plasma  NPY  Levels  in 
Normal  Volunteers  over  a  24-h  Timeframe 
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BACKGROUND:  Neuropeptide  (NPY)  is  abundant  in  mammals,  where  it  contributes  to 
diverse  functions  centrally  and  peripherally.  Its  wide  brain  distribution  provides  a 
plausible  substrate  for  its  relevance  to  stress.  Despite  an  increasing  interest  in  NPY  as 
a  moderator  of  stress  in  humans,  the  extent  to  which  plasma  and  cerebrospinal  fluid 
NPY  concentrations  are  accurate  reflections  of  each  other  is  poorly  understood. 

OBJECTIVES:  The  objective  of  this  study  is  to  more  thoroughly  characterize  NPY 
CSF/plasma  concentration  relationships. 


CSF/Piasma  NPY  cross-correlation 
Non -combat  control  (n  =  3) 
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METHODS  AND  RESULTS:  Eleven  healthy  male  civilian  study  volunteers  participated 
in  a  24-h  serial  CSF  and  plasma  sampling  study.  All  met  study  inclusion  criteria  based 
on  physical  examination,  mental  health  (DSM-IV)  interviews.  At  8AM  the  morning  after 

admission,  a  catheter  was 
inserted  via  a  17-gauge  Touhy 
needle  into  the  L4-L5  lumbar 
space.  Between  11AM  on  day 
one  CSF  (and  plasma,  from 
an  indwelling  venous  catheter) 
were  collected.  All  fluids  were 
stored  at  -80°C  until  assay  of 
(hourly)  samples.  As  observed 
in  prior  studies,  group  mean 
(SE)  CSF  NPY  (cNPY)  levels 
[792.1  (7.80)  pg/mL]  were 
higher  than  plasma  (pNPY) 
levels  [220.0  (3.63)  pg/mL], 
Lagged  cross-correlation 
(CFF)  analysis  showed  no 
statistically  significant  cross- 
correlations  between  cNPY 
and  pNPY  at  the  p  >  .05  level 
[see  Figure].  Average 
pNPY/cNPY  concentration 
ratios  ranged  from  .20  to  .40 
across  study  subjects.  The  pNPY/cNPY  ratios  appear  to  be  individual  specific  and 
consistent  across  the  24-h  time  period.  cNPY  circadian  components  were  not 
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Note:  Negative  lags  indicate  CSF  times  earlier  than  plasma 


detectable  owing  to  a  large  positive  linear  trend. 

CONCLUSIONS:  These  findings  suggest  that  interpretation  of  the  physiological 
significance  of  plasma  NPY  concentrations  in  human  NPY  stress  or  resilience  studies 
must  account  for  the  lack  of  correlation  between  plasma  and  CSF  NPY  concentrations. 


NPY:  Low  Cerebrospinal  Fluid  (CSF)  Levels  in  Posttraumatic  Stress  Disorder  in 
Comparison  to  Combat  and  Civilian,  non-combat  Control  Subjects 

Dewleen  G  Baker1,2,3,  Richard  L  Hauger1,2,3,  Tobias  Moeller-Bertram1,2,3,  Piyush  M 
Patel2’3,  Donald  A  Barkauskas4,  Paul  Clopton3,  Thomas  D  Geracioti5,  Daniel  T 

O'Connor2,  Caroline  M  Nievergelt2,3 

*VA  Center  of  Excellence  for  Stress  and  Mental  Health,  San  Diego,  CA,  United 
States/2 University  of  California  San  Diego ,  La  Jolla,  CA,  United  States/3 VA  San  Diego 
Healthcare  System,  San  Diego,  CA,  United  States/* University  of  Southern  California, 
Los  Angeles,  CA,  United  States/3 University  of  Cincinnati,  Cincinnati,  OH,  United  States 

BACKGROUND:  The  NPY  system  is  associated  with  behavioral  resilience  to  stress 
exposure  in  an  animal  model  of  Posttraumatic  Stress  Disorder  (PTSD);  its  role  in  the 
humans  with  PTSD  is  being  explored. 


OBJECTIVES:  The  key  objective  of  this  24-hour  serial  CSF  study  of  NPY  in  PTSD  was 
to  replicate  and  expand  upon  a  prior  single  time  point  PTSD  study  showing  low  CSF 
NPY,  by  evaluating  basal  24-h  NPY  concentrations  across  three  study  groups,  civilian 
volunteers  and  combatants  of  the  Iraq  and  Afghanistan  conflicts  with  and  without  PTSD, 


METHODS  AND  RESULTS:  Participants  were  26  age-matched,  males,  12  with  PTSD, 
14  healthy  deployed  and  1 1  civilians.  After  CSF  catheter  insertion,  beginning  at  11AM 
on  study  day  one,  CSF  was  collected  every  half  hour  for  24-h  from  an  indwelling  CSF 
catheter,  as  was  plasma  from  a  venous  catheter.  Fluids  were  stored  at  -80°C  until 
assay.  Group  demographic  comparisons  using  FDR-adjusted  p-values  showed  no 
statistically  significant  differences  across  study  groups  regard  age  or  BMI.  Using  linear 
mixed-effect  models,  differences  in  NPY-CSF  concentrations  were  statistically 
significant  [p-value  for  existence  of  group  effect  0.0234;  the  difference  in  levels  between 
healthy  civilian  volunteers  and  PTSD  subjects  was  statistically  significant  (p  =  0.012)  but 
deployed  healthy  subjects  were  not  statistically  significantly  different  from  either  of  the 
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Comb®  CJjfttro1 
PTSD 


Time  (h) 


other  two  groups].  Additionally, 
cNPY  increased  at  an  estimated 
rate  of  5.5  pg/mL/hour  (p  <0.0001) 
but  tests  for  interaction  showed  no 
statistically  significant  differences 
in  the  linear  trends  among  the 
three  subject  groups. 

CONCLUSIONS:  These 
findings  suggest  that  NPY  may  be 
involved  in  behavioral  resilience  to 
stress  in  humans,  thus  may  be  a 
good  target  for  interventions  for 
prevention  or  early  intervention. 


Prospective  assessment  of  psychophysiological  risk  factors  for  PTSD 

Risbrough  V;  Baker  D.  Nievergelt  C;  Litz  B;  Nash  W;  Perez  J;  Geyer  M 

University  of  California  San  Diego;  National  Center  for  PTSD,  Boston  VA 

Rationale/Statement  of  the  Problem:  There  is  an  urgent  need  to  develop  biological  and 
behavioral  predictors  of  PTSD  risk/resilience  in  individuals  with  high  trauma  exposure  such  as 
active  duty  military.  First  we  will  briefly  review  psychophysiological  risk  factors  for  PTSD. 
Second  we  will  describe  preliminary  data  from  a  prospective  study  of  active  duty  Marines 
examining  psychophysiological  responses  before  and  after  deployment  to  Iraq  or  Afghanistan. 
Third  we  will  discuss  our  cross-species  work  in  animal  models  of  PTSD  risk/resilience  to  inform 
these  study  findings. 

Methods;  This  study  was  conducted  as  part  of  a  4  hr  battery  (clinical,  psychosocial,  laboratory 
and  psychophysiological  assessments)  conducted  both  before,  and  3  mo  and  6  mo  after 
deployment  (Marine  Resiliency  Study)  in  >2500  Marines.  Here  we  examined  (1)  effect  of 
deployment  overall  on  physiological  reactivity  measures  on  baseline  startle,  prepulse  inhibition 
and  affective  modulation  of  startle),  and  (2),  comparison  of  pre-deployment  startle  reactivity 
across  subjects  matched  for  combat  exposure  with  and  without  PTSD  symptoms  3  mo  post¬ 
deployment. 

Results:  We  observed  small  but  significant  increases  in  baseline  startle  and  increases  in 
prepulse  inhibition  after  deployment.  Startle  potentiation  to  aversive  images  was  also 
significantly  increased  after  deployment.  Importantly,  baseline  startle  magnitude  before 
deployment  was  significantly  greater  in  subjects  that  went  on  to  develop  PTSD  symptoms  after 
deployment  compared  to  their  combat-matched  controls. 

Conclusions:  These  results  support  previous  reports  suggesting  that  startle  reactivity  may 
probe  trait  biological  processes  that  confer  risk  for  PTSD  symptoms.  To  complement  these 
findings  we  (t)  are  conducting  a  similar  prospective  study  to  determine  if  fear  conditioning  and 
extinction  performance  predicts  deployment-related  stress  disorders  and  (2)  have  developed  a 
homologous  rodent  model  to  aid  identification  of  potential  epigenetic  mechanisms  underlying 
psychophysiological  and  fear  processing  risk  factors. 


agnetoencephalography  (MEG)  source  imaging 
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The  generation  of  MEG  signal  from  neuronal  current  in  gray-matter  neurons  in  cortex 
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Mild  TBI  is  often  referred  as  invisible  injuries:  Detecting  Mild  TBI  is 
Challenging  using  Conventional  Neuroimaging  Methods 
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Integrate  gray-matter  MEG  slow-wave  with  white-matter 
diffusion  tensor  imaging  (DTI)  findings  in  mTBI  (Huang  et 


trauma  patients  with  normal  MRI 


Dipolar  Slow  Wave  Mild  Head  Trauma 


\l hat  is  the  neurophysiology  for  resting-state 
MEG  slow-wave  generation  (1-4  Hz)  in  TBI? 
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in  gray-matter  and  axonal  injury  in  white  matter 
(Huang  et  al.,  Journal  of  Neurotrauma,  2009) 
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Group  4  contains  44  age-matched  healthy  control  subjects. 
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MEG  Slow-wave  ExarrrGorrelates  with  Post- 
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mma-band  hyper-  and  hypo-activities  in  PTSD 
vs  healthy  controls  (t-test,  corrected  p<.01) 


ro 

03 

"O 

O) 

I  o 

<  o 
cr  — 

#1- 
cc  O' 


CD 


0 

>;  c 

T  Q 


\\ 


Hypo-activity:  inferior  medial  frontal  lobe 


T3 

0> 

c/5 

O 

u 

i 

C/5 


in 

i 

O 


<U 

U 

U 

3 

o 

C/5 


n3 

rtf 

I 

O 

O 


—  w 


rd 


i 

o 

O  s £D 
>> 


“O 

tJO 

u 

-M 

a 

CL) 

* 

4-> 

+-* 

CO 

c 

*  i-H 

T3 

Lt 

C/3 

Oh 

< 

CJ 

£ 

4-> 

U 

rtf 

Td 

■  • 

o 

0 

a> 

c 

O 

U 

rd 

CO 

1 — 

OJ 

X! 

4-* 

*  r™4 

a 

o 

rd 

£ 

rl 

CL 

O 

w 

£ 

cn 

+J 

Jtf 

<U 

a j 
C 

"a5 

Lh 

E 

rtf 

J-H 

O 

a ) 

4-» 

03 

-M 

C/5 

*  i-H 

rd 

S 

1  1 

Lh 

o 

U 

<U 

bO 

vS 

u 

C/5 

*rtf 

4— • 

b0 

Q 

-M 

3 

wo 

c 

o 

4-> 

C 

O 

&H 

HH 

#5h 

CO 

-M 

C/5 

w 

£ 

wJJ 

rtf 

cu 

a/ 

00 

o 

g 

< 

ro 

u 

C 

•  *— i 

u 

Positive  and  Negative  correlations  between  MEG  gamma- 
band  activity  with  CAPS  Total  Score  (corrected  pc. 01) 


•Positive  correlations:  L  Amygdala;  Anterior  cingulate;  R  frontal;  R  temporal 
lobe;  R  parietal  areas 

•Negative  correlation:  inferior  medial  frontal  lobe;  L  parietal  area 


Network  imaging  marker  for  PTSD 


>4 


oi  r  r 
u  U 

c/3  r- 

rr-<  ^ 

§  -V 

-O 

I 


U 

rd 

i 

O 

a 

>1 


§  £ 

£  * 

g  .£ 

So 

^  L-  *  ^ 

O  > 

W  *43 
u 
rd 

/-C  i 

( — \  QJ 

£  R. 

H  ;>< 

Dh  43 
43  nd 

4-J  OJ 

*1—1  kT 

*  I 

!  -s 

2  bo 

QJ  C 
+r»  -H 

^  bG 
>  rd 

egg 


p 

1  <U 

■M 

a»  o 
d  -= 

f3  5 

^  e 

a  ,2 

•l— I  M-H 

Cfl  f-H 

d  rd 

*  *T— { 

o 

'5b  % 

2  £ 


S-H 

!^-i 

a j 
43 


Sh 

O 


+-*  OJ 

O 

Hd  .g 
_,  d 

fu  .  v-h 


<u 

hJ  .£ 


•  I— I 


C/3 


^  o  „ 

ei'd 

'>  -d  ^ 

'g  2  d 

rd  n  -m 
T3  ^  g 
c 

e  g  a; 


rd 


rd 

b£> 

a 

W 


_  S-l 

.2  o 

5b  & 

QJ  ^ 

£  "rd 

2  o 

I  t|  +J 

rd  ^ 

bf 

<  £ 

rd  O 

y  <  *  i-H 

Q  ^  d 

O  bOlj 

w  ^  £ 
c  c  O 
43  rd  u 


C/3 

OJ 

G 

•  t-H 

rd 


G 

O 

«  rH 

|  i 

43 

"a! 

i-H 

o 

u 

| 

*  i-^ 

-M 

rd 

bit) 

QJ 

G 

"rd 

cu 


o 

43 

C/3 

01 

42 

O 

"rd 

4-J 

G 

O 

<fc| 

""rd 

* 

nd 

a; 

6 


with  CAPS  total  score. 


0 

> 


0 

o 

0 

0 


0 


CD 

o 

<: 

0 

> 

0 


o 


CD 

Sol 
ra  0) 

>>TJ  Q> 


0  O  0 

O  ^  E 

Q_  0  (D 
X  C  ;tf 
LLI  C  0 

.  O  .  - 

o  o  CO 
^  •=? 
(0  ^  ® 
130 

—  <D  .  . 

9^51 


I 

“O 

-*— * 
CO 

0 

o 

c 

0 

*0 

0 

cr 

0 


i—  CD 
0  =3  5 
^  X  CD 


E 

0 

0 

>. 

CO 

0 

s_ 

0 

o 


O 

O) 

0 

b 


Q 

CO 

O 


o 


o 

CD 


O 

O 

iaS 


TJ  C 

c  o 

«  5 

O  JC 

a:  0 


c  o 
3  0 


^  o 


“  D) 


W 
• 

CD  _ 
»-  Ol  n 

<D  C  £_ 

■*  <  JD  jQ 

<S  CD  W 

m  .2  o 

S  1  >..2 

fils 

I  it .2 

Q  <  <  > 


Percent-likelihood  of  MEG  Slow-wave 
Generation  across  Brain  regions 


Huang  etal.,  Neuroimage,  2012,  61(4):1067-1082. 


MRS-II 


NextGen  Metabolomics  for 


0 


E 

c 

CO 

</) 

o 

M  ■ 

0 

0 

■ 

Q 

c 

0 

o 

E 

■g 

O 

T3 

CL 

Q_ 

c 

0 

0 

o 

0 

Q 

■K. 

'OJO 

"O 

0 

Q. 

0 

Q 

(/) 

•■s 

o 

o 

+-* 

0 

£ 

T3 

£ 

X 

"5 

Q. 

0 

"Eo 

CO 

m  mmm. 

CO 

o 

L 

+-» 

o 

> 

0 
■  IBHi 

£ 

0_ 

o 

(0 

-a 

0 

0. 

•OJO 

~o 

r~ 

(/) 

'(/) 

■ 

0~ 

C 

IW 

o 

i  mmm 

c 

0 

o 

t; 

0 

0 

m  mmm 

c 

0 

£ 

</> 

IHI 

'OJO 

(0 

.Q 

O 

01 

4— 

o 

o 

(A 

0 

cr 

■ 

Q 

t/) 

0 

ri 

0 

U 

a. 

Q 

0 


03 

0 

t/> 


X3 

C 

o 

o 

o 

*■» 

0 


University  of  California,  San  Diego  School  of  Medicine,  and 

The  Veterans  Affairs  Center  for  Excellence  in  Stress  and 

Mental  Health  (CESAMH) 


Name:  Robert  K.  Naviaux.  MD.  PhD 
Disclosure  of  financial  relationship(s) 
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Heat  Maps  &  PLSDA,  PCA  &  Volcano  Plots  Quantitate  -500  Metabolites 

Biochemical  Pathway  Visualization 


MRSII-Study  design 


Metabolomic  Diagnosis  of  PTSD— 

Partial  Least  Squares  Discriminant  Analysis  (PLSDA) 


Metabolomic  Diagnosis  of  TBI 
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Metabolomic  Assessment  of 
PTSD  Risk  Before  Deployment 


Metabolomic  Risk  Stratification  for  PTSD 

(US  Data  for  Deployment  to  Middle  East  Theaters*) 
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Metabolomic  Features  of  PTSD- 
Pathway  Enrichment  Analysis 


19  Controls,  18  PTSD 


Metabolomic  Features  of  TBI- 
Pathway  Enrichment  Analysis 
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Conclusions— NextGen  Metabolomics 
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Inflammation  is  associated  with: 
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Translational  Study:  PTSD  and  Inflammation 

Findings  suggest  possible  functional  relevance  of  TLR9  in 
protecting  stressed  mammals  from  overreacting  to 
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CAPS  total  score  is  not  a  normally  distributed  trait  in  MRS.  The  trait  cannot 
simply  be  transformed  to  normality  because  there  are  too  many  zero  value 
scores 
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A  Prospective  Analysis 
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Is  a  proxy  for  inflammation  (CRP)  a  Risk  Factor  for  PTSD? 

A  Prospective  Analysis 
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Findings  suggest  that  levels  of  this  inflammatory  marker 
may  predict  resilience  versus  risk  for  PTSD  symptom 
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Changes  in  salivary  cortisol  levels  over  time 
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Salivary  cortisol  changes  over  time  In  PTSD  cases  and  controls 
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What  factors  important  in  who  does/does  not  develop 

PTSD  post-combat? 


Sensorimotor  Gating: 
Acoustic  Prepulse  Inhibition 
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Context:  History  and  Background  MRS-II 

•Army  Study  to  Assess  Risk  and  Resilience  in  Service 
Members  (STARRS) 


Progress  and  Development  MRS-II 

Coordination  of  the  Marine  and  Army  STARRS  study  was 


Data  collection  began  Sept  201 1 ,  is  ongoing 


MRS-II:  Key  Personnel 
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Study  Cell:  969-214-5435 
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Deployment-related  TBI  endorsement  was  variable 
across  deployments,  but  was  high  in  some  battalions 


Marine  Resiliency  Study  Findings 


Deployment-related  TBI  nearly  doubled  risk 
for  post-deployment  PTSD 
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Electromagnetism 


H.C.  0rsted. 
1820 


The  generation  of  MEG  signal  from  neuronal  current  in  gray-matter  neurons  in  cortex 


EEG  vs.  MEG  Technology 


MEG’s  better  spatial  localization  accuracy  (2-3  mm)  than  high 
density  EEG  (in  cm)  is  due  to  MEG’s  insensitivity  to 
conductivity  profile  of  the  head  tissues 
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Mild  TBI  is  often  referred  as  an  invisible  injury:  Detecting  Mild  TBI 
is  Challenging  using  Conventional  Neuroimaging  Methods 
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Integrate  gray-matter  MEG  slow-wave  with  white-matter 
diffusion  tensor  imaging  (DTI)  findings  in  mTBI  (Huang  et 


MEG  Resting-state  Slowing  in  a  mild  head 
trauma  patient  a  with  normal  MRI 


What  is  the  neurophysiology  for  resting-state 
MEG  slow-wave  generation  (1-4  Hz)  in  TBI? 
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in  gray-matter  and  axonal  injury  in  white  matter 

(Huang  et  al.,  Journal  of  Neurotrauma,  2009) 


Diffusion  Tensor  Imaging  (DTI) 

DTI  is  an  MR  imaging  technique  based  on  the  Brownian  motion  of  water  through  tissues 

It  measures  how  easily  water  molecules  move  along  the  direction  of  white  matter  fibers 
versus  the  directions  perpendicular  to  the  fibers. 
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Huang  et  al.,  Journal  of  Neurotrauma,  2009. 


Examining  the  Positive  Detection  Rate 
of  Mild  TBI  using  resting-state  MEG 
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Controls  Blast  mTBI  Non-blast  mTBI  Moderate  TBI 

*Being  updated  with  information  from  Huang  et  al.,  Neuroimage,  2012 

MRSII  MEG  study  61  (4):1 067-1 082. 


MEG  Slow-wave  Exam  Correlates  with  Post- 

concussive  Symptoms 
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Huang  et  al.,  Neuroimage,  2012,  61(4):1067-1082. 


MEG  slow-wave  imaging  marker  for  TBI 

>  Positive-detection  Rates:  MEG  slow- 
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Huang  et  al.,  Neuroimage,  2012,  61(4):1067-1082. 


Fear  Network"  and  Inhibitory  Function  of 
Ventromedial  Frontal  Cortex  in  PTSD 


Hypothesis  2:  hypo-activity  in  ventromedial  frontal  cortex,  indicating 
reduced  inhibitory  signal  from  frontal  cortex  to  the  “fear  network” 


Developing  MEG  source  imaging  marker  for  PTSD 

as  well  as  mTBI:  Study  I 
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First  Whole-head  Source  Amplitude  Images  of  Brain 
Rhythms  for  Different  Frequency  Bands  since 
German  Physiologist  Hans  Berger  in  1924? 
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MEG  detects  brain  abnormalities  in  PTSD 
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•Hypo-activity:  inferior  medial  frontal  lobe 

•Both  mTBI  and  PTSD  are  visible,  each  showing  specific  abnormalities  in 
different  parts  of  the  brain 
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recent  wars  in  Iraq  and  Afghanistan,  N evertheless,  despite  a  sharp  increase  in  the  incidence  of 
psychiatric  disorders  in  returning  veterans,  empirically  based  prevention  strategies  are  still  lacking. 

To  develop  effective  prevention  and  treatment  strategies,  it  is  necessary  to  understand  the  underlying 
biological  mechanisms  contributing  to  PTSD  and  other  trauma  related  symptoms.  The  M Marine 
Resiliency  Study  W"  (MRS-II;  Oct  2011-0ct  2013)  Neurocognition  project  is  a  longitudinal  investigation 
of  ncurocognitive  performance  in  Marines  deployed  to  Afghanistan.  As  part  of  this  investigation,  1,195 
Marines  and  Navy  corpsmen  underwent  a  fear  conditioning  and  extinction  paradigm  and  psychiatric 
symptom  assessment  prior  to  deployment.  The  current  study  assesses  1)  the  effectiveness  of  the  fear 
potentiated  startle  paradigm  in  producing  fear  learning  and  extinction,  and  2)  the  association  of 
performance  in  the  paradigm  with  baseline  psychiatric  symptom  classes  (Healthy,  PTSD  symptoms, 
Anxiety  symptoms,  and  Depression  symptoms).  Results  suggest  that  the  task  was  effective  in 
producing  differential  fear  learning  and  fear  extinction  in  this  cohort.  Further,  distinct  patterns 
emerged  differentiating  the  PTSD  and  Anxiety  symptom  classes  from  both  Healthy  and  Depression 
classes.  I  n  the  fear  acquisition  phase,  the  PTSD  group  was  the  only  group  to  show  deficient 
discrimination  between  the  conditioned  stimulus  (CS+)  and  safety  cue  (CS-),  exhibiting  larger  startle 
responses  during  the  safety  cue  compared  to  the  healthy  group.  During  extinction  learning,  the  PTSD 
group  showed  significantly  less  reduction  in  their  CS+  responding  over  time  compared  to  the  healthy 
group,  as  well  as  reduced  extinction  of  self-reported  anxiety  to  the  CS+  by  the  end  of  the  extinction 
session.  Conversely,  the  Anxiety  symptom  group  showed  normal  safety  signal  discrimination  and 
extinction  of  conditioned  fear,  but  exhibited  increased  baseline  startle  reactivity  and  potentiated 
startle  to  CS+,  as  well  as  higher  self  reported  anxiety  to  both  cues.  The  Depression  symptom  group 
showed  similar  physiological  and  self-report  measures  as  the  healthy  group.  These  data  are  consistent 
with  the  idea  that  safety  signal  discrimination  is  a  relatively  specific  marker  of  PTSD  symptoms 
compared  to  general  anxiety  and  depression  symptoms.  Further  research  is  needed  to  determine  if 
deficits  in  fear  inhibition  vs.  exaggerated  fear  responding  are  separate  biological  "domains"  across 
anxiety  disorders  that  may  predict  differential  biological  mechanisms  and  possibly  treatment  needs. 
Future  longitudinal  analyses  will  examine  whether  poor  learning  of  safety  signals  provides  a  marker  of 
vulnerability  to  develop  PTSD  or  is  specific  to  symptom  state. 
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Dear  Drs  Vermeeten  and  Yehuda: 

Attached  please  find  a  manuscript  titled  "Conditioned  Fear  and  Extinction  Learning  Performance  and  its 
Association  with  Psychiatric  Symptoms  in  Active  Duty  Marines  “  for  consideration  for  your  special  issue 
on  Biomarkers  in  the  Military.  This  manuscript  describes  findings  that  in  a  sample  of  >1000  Active  Duty 
Marines,  disruption  in  "safety  signal”  learning  is  a  specific  behavioral  marker  of  PTSD  symptoms 
compared  to  depression  or  anxiety  symptoms.  This  manuscript  shows  for  the  first  time,  a  direct 
comparison  of  groups  with  relatively  specific  PTSD,  anxiety  or  depression  symptoms.  We  found  these 
groups  exhibit  differential  patterns  of  fear  conditioning  and  extinction,  with  PTSD  and  anxiety  symptom 
groups  showing  reduced  fear  inhibition  and  increased  fear  responding  respectively.  These  data  support 
the  use  of  objective  behavioral  markers  that  can  help  delineate  differential  biological  mechanisms 
underlying  these  symptom  classes.  We  hope  that  you  will  find  this  manuscript  suitable  for  publication  in 
Psychoneuroendocrinotogy. 


Best  regards 


Victoria  Risbrough 


Abstract 


Posttraumatic  Stress  Disorder  (PTSD)  is  a  major  public  health  concern,  especially  given  the 
recent  wars  in  Iraq  and  Afghanistan.  Nevertheless,  despite  a  sharp  increase  in  the  incidence  of 
psychiatric  disorders  in  reluming  veterans,  empirically  based  prevention  strategics  are  still 
lacking.  To  develop  effective  prevention  and  treatment  strategies,  it  is  necessary  to  understand 
the  underlying  biological  mechanisms  contributing  to  PTSD  and  other  trauma  related  symptoms. 
The  "Marine  Resiliency  Study  H”  (MRS-11:  Oct  201 1-Oci  2013)  Neuroeognition  project  is  a 
longitudinal  investigation  of  neurocognilive  performance  in  Marines  deployed  to  Afghanistan. 
As  part  of  this  investigation.  1.195  Marines  and  Navy  corpsmen  underwent  a  fear  conditioning 
and  extinction  paradigm  and  psychiatric  symptom  assessment  prior  to  deployment.  The  current 
study  assesses  I )  the  effectiveness  of  the  fear  potentiated  startle  paradigm  in  producing  fear 
learning  and  extinction,  and  2)  the  association  of  performance  in  the  paradigm  with  baseline 
psychiatric  symptom  classes  (Healthy.  PTSD  symptoms,  Anxiety  symptoms,  and  Depression 
symptoms).  Results  suggest  that  the  task  was  effective  in  producing  differential  fear  learning 
and  fear  extinction  in  this  cohort.  Further,  distinct  patterns  emerged  differentiating  the  PTSD 
and  Anxiety  symptom  classes  from  both  Healthy  and  Depression  classes.  In  the  fear  acquisition 
phase,  the  PTSD  group  was  the  only  group  to  show  deficient  discrimination  between  the 
conditioned  stimulus  (CS+)  and  safety  cue  (CS-).  exhibiting  larger  startle  responses  during  the 
safety  cue  compared  to  the  healthy  group.  During  extinction  learning,  the  PTSD  group  showed 
significantly  less  reduction  in  their  CS+  responding  over  lime  compared  to  the  healthy  group,  as 
well  as  reduced  extinction  of  self-reported  anxiety  to  the  CS+  by  the  end  of  the  extinction 
session.  Conversely,  the  Anxiety  symptom  group  showed  normal  safely  signal  discrimination 
and  extinction  of  conditioned  fear,  but  exhibited  increased  baseline  startle  reactivity  and 
potentiated  startle  to  CS+,  as  well  as  higher  self  reported  anxiety  to  both  cues.  The  Depression 


symptom  group  showed  similar  physiological  and  self-report  measures  as  the  healthy  group. 
These  data  are  consistent  with  the  idea  that  safety  signal  discrimination  is  a  relatively  specific 
marker  of  PTSD  symptoms  compared  to  general  anxiety  and  depression  symptoms.  Further 
research  is  needed  to  determine  if  deficits  in  fear  inhibition  vs.  exaggerated  fear  responding  are 
separate  biological  "domains'1  across  anxiety  disorders  that  may  predict  differential  biological 
mechanisms  and  possibly  treatment  needs.  Future  longitudinal  analyses  will  examine  whether 
poor  learning  of  safety  signals  provides  a  marker  of  vulnerability  to  develop  PTSD  or  is  specific 
to  symptom  state. 
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Abstract 

Posttrauniatic  Stress  Disorder  (PTSD)  is  a  major  public  health  concern,  especially  given 
Lhe  recent  wars  in  Iraq  and  Afghanistan.  Nevertheless,  despite  a  sharp  increase  in  the 
incidence  of  psychiatric  disorders  in  returning  veterans,  empirically  based  prevention 
strategies  are  still  lacking.  To  develop  effective  prevention  and  treatment  strategies,  it  is 
necessary  to  understand  the  underlying  biological  mechanisms  contributing  to  PTSD  and 
other  trauma  related  symptoms.  The  “Marine  Resiliency  Study  II”  (MRS-II;  Oct  2011- 
Oct  2013)  Neurocognition  project  is  a  longitudinal  investigation  of  neurocognilive 
performance  in  Marines  deployed  to  Afghanistan.  As  part  of  this  investigation,  1.195 
Marines  and  Navy  corpsmen  underwent  a  fear  conditioning  and  extinction  paradigm  and 
psychiatric  symptom  assessment  prior  to  deployment.  The  current  study  assesses  I )  the 
effectiveness  of  the  fear  potentiated  startle  paradigm  in  producing  fear  learning  and 
extinction,  and  2)  the  association  of  performance  in  the  paradigm  with  baseline 
psychiatric  symptom  classes  (Healthy.  PTSD  symptoms.  Anxiety  symptoms,  and 
Depression  symptoms).  Results  suggest  that  the  task  was  effective  in  producing 
differentia!  fear  learning  and  fear  extinction  in  this  cohort.  Further,  distinct  patterns 
emerged  differentiating  the  PTSD  and  Anxiety  symptom  classes  from  both  Healthy  and 
Depression  classes.  In  the  fear  acquisition  phase,  the  PTSD  group  was  the  only  group  to 
show  deficient  discrimination  between  the  conditioned  stimulus  (CS+)  and  safety  cue 
(CS-),  exhibiting  larger  startle  responses  during  the  safety  cue  compared  to  the  healthy 
group.  During  extinction  learning,  the  PTSD  group  showed  significantly  less  reduction 
in  their  CS+  responding  over  time  compared  to  the  healthy  group,  as  well  as  reduced 
extinction  of  self-reported  anxiety  to  the  CS+  by  the  end  of  the  extinction  session. 
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Conversely,  the  Anxiety  symptom  group  showed  normal  safety  signal  discrimination  and 
extinction  of  conditioned  fear,  but  exhibited  increased  baseline  startle  reactivity  and 
potentiated  startle  to  CS+,  as  well  as  higher  self  reported  anxiety  to  both  cues.  The 
Depression  symptom  group  showed  similar  physiological  and  self-report  measures  as  the 
healthy  group.  These  data  are  consistent  with  the  idea  that  safety  signal  discrimination  is 
a  relatively  specific  marker  of  PTSD  symptoms  compared  to  general  anxiety  and 
depression  symptoms.  Further  research  is  needed  to  determine  if  deficits  in  fear 
inhibition  vs.  exaggerated  fear  responding  are  separate  biological  '‘domains”  across 
anxiety  disorders  that  may  predict  differential  biological  mechanisms  and  possibly 
treatment  needs.  Future  longitudinal  analyses  will  examine  whether  poor  learning  of 
safety  signals  provides  a  marker  of  vulnerability  to  develop  PTSD  or  is  specific  to 
symptom  state. 
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Introduction 

Posttraumatic  Stress  Disorder  (PTSD)  is  a  major  public  health  concern  among 
current  and  former  military  members,  including  those  who  have  recently  experienced 
combat  in  Iraq  and  Afghanistan  (Baker  et  aL  2012).  For  instance,  since  these  wars  began 
in  2001.  the  incidence  of  psychiatric  disorders  among  active-duty  service  members  has 
increased  by  62%,  with  an  increase  of  656%  for  PTSD  and  226%  for  anxiety  disorders. 

In  addition,  the  cost  to  Lhe  Department  of  Defense  (DoD)  for  treating  these  service 
members  doubled  between  2007  and  2012  (Blakely  &  Jansen,  2013  Congressional 
Research  Service  Report).  The  Department  of  Veterans  Affairs  (VA)  and  society  at  large 
will  continue  to  bear  Lhe  cost  of  treating  service  members  with  chronic  psychiatric  issues 
long  after  these  individuals  are  discharged  from  the  military.  According  to  a  recent 
report  by  the  Institute  of  Medicine.  DoD  prevention  efforts  are  hampered  by  an 
insufficient  empirical  base  (National  Research  Council.  2014).  Identifying  the 
underlying  biological  mechanisms  of  PTSD  from  other  stress-related  disorders  is  a  key 
step  in  developing  an  evidence  base  on  which  to  design  more  effective  prevention  and 
treatment  efforts. 

The  “Marine  Resiliency  Study  11"  ( MRS-11:  Oct  201 1 -Oct  201 3)  Neurocognilion 
project  is  a  longitudinal  investigation  of  neurocognitive  performance  in  Marines  deployed 
to  Afghanistan.  Similar  to  the  original  MRS  (Baker  et  al.  2012),  Marines  were  assessed 
in  a  3.5  hr  test  battery  in  which  clinical  assessment,  self-report,  and  biological  assays  are 
combined  with  comprehensive  neurocognitive  assessments  once  before  deployment  and 
then  again  3-6  months  after  deployment.  The  purpose  of  MRS- II  is  to  discriminate 
between  biological  markers  that  predict  risk/rest  I  iency  for  development  of  combat-stress 
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related  disorders  and  markers  associated  specifically  with  symptom  state.  Here  we  focus 
on  one  aspect  of  these  assessments,  measurement  of  fear  conditioning  and  extinction 
learning. 

Increased  responses  to  conditioned  fear  cues  and  reduced  ability  to  inhibit  these 
responses  are  well-known  features  of  PTSD  in  civilian  and  combat-veteran  populations 
(for  review  see  VanElzakker  et  a!..  2013).  Reduced  ability  to  inhibit  fear  has  recently 
been  suggested  to  be  a  potential  "biomarker'  specific  to  PTSD,  with  PTSD  subjects 
exhibiting  poor  learning  of  safety  signals  (cues  that  predict  absence  of  threat)  compared 
to  depressed  subjects  (Jovanovic  &  Norrholm,  2011;  Jovanovic  et  al.,  2009;  2010). 
Studies  in  high  trait  anxious  participants  or  other  anxiety  disorders  are  inconsistent, 
showing  either  normal  or  reduced  fear  inhibition  as  measured  by  safety  signal  learning 
(Kindt  &  Soeter,  2014;  Gazendam  el  al.,  2013;  Lissek  et  al.,  2009).  Reduced  inhibition 
in  PTSD  patients  is  thought  to  reflect  disruption  of  frontal  cortical  and  hippocampal 
circuits  to  inhibit  amygdala  activation  and  concomitant  fear  responses  (Admon  et  al., 
2013;  Acheson  el  al.  20 1 2).  However,  increased  fear  responding  to  conditioned  cues, 
aversive  contexts,  or  overgeneralization  of  fear  responses  are  shown  across  multiple 
anxiety  disorders  and  thus  may  rellect  biological  processes  dial  are  shared  across 
disorders  (MeTeague  et  al.,  2012:  Ussek  et  al.,  2013;  Grillon,  1998).  Results  are  less 
clear  however  for  depression,  with  reports  of  lower,  normal,  and  higher  aversive 
responding  or  tear  conditioning  (MeTeague  et  al..  2012;  Grillon  et  al.,  2013;  Robinson  et 
al.,  2012:  Jovanovic  et  al.  2010)  depending  on  the  type  of  conditioned  cues  and  aversive 
stimuli.  Heightened  fear  responding  may  be  due  to  increased  amygdala,  extended 
amygdala,  and/or  dorsal  anterior  cingulate  activity  in  these  disorders  (Admon,  2013: 
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Grillon,  2008).  Understanding  the  differential  patterns  of  fear  conditioning  and  inhibition 
between  symptom  types  will  help  identify  specific  endophenotypes  for  further  biological 
interrogation  across  stress-related  disorders  (Cuthbert  &  Kozak.  2013;  McTeague  et  a!., 
2012;  Admon  et  al.,  2013).  Given  that  MRS- II  is  a  longitudinal  study,  we  will  ultimately 
be  able  to  determine  in  future  analyses  if  these  putatively  differential  phenotypes  are 
vulnerability  factors  or  related  specifically  to  symptom  state  after  trauma. 

To  test  the  hypothesis  that  PTSD.  depression,  and  general  anxiety  symptoms  may 
reflect  distinct  biological  mechanisms  and  subsequent  differential  patterns  of  fear 
conditioning  and  inhibition  abnormalities,  we  used  a  cross-sectional  design  to  directly 
compare  fear  conditioning  and  extinction  across  participants  endorsing  symptoms  of 
general  anxiety,  depression,  and  PTSD  at  pre-deployment.  We  used  the  fear  potentiated 
startle  (FPS)  paradigm  established  by  Norrholm  and  colleagues  (2006).  as  this  paradigm 
is  sensitive  to  both  the  reduced  fear  inhibition  (i.e.  safely  signal  learning  and  extinction) 
and  increased  fear  conditioning  described  in  PTSD  patients  (Norrholm  et  al..  2011).  This 
protocol  uses  an  aversive  air-puff  as  the  unconditioned  aversive  stimulus.  Though  other 
fear  conditioning  paradigms  have  used  aversive  electrical  shock  as  the  unconditioned 
stimulus  (i.e..  Milad  et  al..  2007),  we  chose  to  use  air  puff  for  a  number  of  reasons.  One. 
use  of  an  air  puff  increased  the  feasibility  of  testing  such  a  large  active  duty  population  in 
a  time-limited  manner  as  it  does  not  require  initial  “customization"  of  shock  stimuli. 

1  ,ack  of  required  customization  reduced  setup  lime  as  well  as  technical  difficulty.  Two. 
vve  anticipated  that  shock  stimuli  would  be  less  acceptable  to  study  participants  and  to 
local  and  military  institutional  review  boards  given  the  special  population  status  of  active 
duty  military.  Third,  this  protocol  uses  startle  reactivity  as  the  operational  measure  of 
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conditioned  fear,  a  cross  species  measure  of  fear  conditioning  for  translational 
applications  in  animal  models,  and  which  may  be  more  sensitive  to  “automatic”  or 
implicit  fear  learning  compared  to  oilier  measures  such  as  skin  conductance  (Sevenster  el 
al.,  2014;  Cilover  el  al.,  2011). 

Methods 

Participants 

1.195  infantry  Marines  and  Navy  Coipsmen  enrolled  in  a  longitudinal  study  of  the 
health  effects  of  deployment  to  Afghanistan.  Two  separate  infantry  battalions  were 
studied,  with  data  collection  occurring  1  -2  mo  prior  to  deployment.  Al  the  lime  of  this 
collection  period  all  Marine  infantry  were  male,  thus  females  did  not  participate.  This 
study  was  approved  by  the  institutional  review  boards  of  the  University  of  California  San 
Diego,  VA  San  Diego  Research  Service,  and  the  Naval  Health  Research  Center.  Written 
informed  consent  was  obtained  from  all  participants. 

Fear  Conditioning  and  Extinction  Procedure 

Apparatus:  Startle  pulses  (108  dB,  40  ms)  were  delivered  using  a  San  Diego 
Instruments  (SDI.  San  Diego.  CA.  USA)  SR-HLAB  Electromyography  (EMG)  system. 
Sound  levels  were  measured  using  continuous  tones  calibrated  with  a  Quest  Sound  Level 
Meter  on  the  A  scale,  coupled  to  the  headphones  with  an  artificial  ear.  The  air  puff  was 
set  at  250  psi  and  delivered  via  a  plastic  lube  positioned  2.5  cm  from  the  center  of  the 
throat.  Air-puff  onset  was  controlled  by  a  solenoid  system  triggered  by  the  same  Acer 
laptop  computer  that  controlled  the  startle  stimuli.  Conditioned  stimuli  were  presented 
via  E-Prime  software  (Psychology  Software  Tools,  Inc.,  Sharpsburg,  PA.  USA)  run  on  a 
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Dell  desktop  computer  with  a  48  cm  monitor  positioned  directly  in  front  of  the 
participant.  Presentation  of  the  stimuli  by  the  E-Prime  software  was  triggered  by  signals 
from  the  EMG  system  to  control  synchronization  of  conditioned,  startle,  and  air-puff 
stimuli. 

Eyeblink  EMG  responses  were  recorded  via  Ag/Ag  3M  Red  Dot  electrodes 
placed  at  the  orbicularis  oculi  muscles  at  the  left  eye  connected  to  die  SDI  SR-I I  LAB 
EMG  system  and  Acer  laptop  computer  (Acheson  et  at.,  2013;  2012).  A  reference 
electrode  was  placed  at  the  mastoid  bone  behind  the  left  ear.  Before  electrode  placement, 
skin  was  cleaned  with  an  alcohol  swab  and  gently  exfoliated  with  3M  electrode  prep  tape. 
All  electrode  resistances  w'ere  <10  kfl.  EMG  data  were  recorded  at  a  sampling  rate  of  I 
KHz,  amplified  (0.5  mV  electrode  input  was  amplified  to  2500  mV  signal  output),  band¬ 
pass  filtered  ( 1 00-1000  Hz),  rectified,  and  then  smoothed  with  a  5-point  rolling  average. 
Expectancy  responses  were  recorded  on  a  trial-by-lrial  basis  via  the  participant's 
responses  on  a  key  pad  linked  to  E-Prime  software.  Additional  self-report  responses 
were  recorded  at  the  end  of  each  experimental  phase  via  the  same  keypad. 

Eyeblink  data  were  scored  via  SR-I  I  LAB  EMG  Utilities  software  as  previously 
described  (Acheson  et  al.,  2012).  In  brief,  eyeblink  responses  were  examined  on  a  trial 
by  trial  basis  at  a  window  starting  100  ms  before  the  startle  pulse  and  ending  200  ms  after 
the  pulse.  Only  responses  that  peaked  within  100  ms  of  pulse  onset  were  scored  as  a 
startle  response.  Trials  in  which  excessive  baseline  noise  or  artifact  obscured  the  startle 
response  were  removed  (2.1%  of  trials)  and  replaced  with  an  imputed  value  based  on  the 
average  of  the  immediately  preceding  and  following  trials. 
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Fear  Conditioning  and  Extinction  task:  The  fear  conditioning  and  extinction 
protocol  consisted  of  two  discrete  testing  sessions  or  "phases":  Acquisition  and 
Extinction.  Before  the  acquisition  phase  the  participants  were  instructed  that  one  of  the 
colored  symbols  predicted  when  the  airpuff  would  appear.  Each  phase  began  with  6 
startle  pulses  presented  in  the  absence  of  any  oilier  stimuli  to  stabilize  startle  responding. 
The  Acquisition  phase  consisted  of  8  6-sec  presentations  of  the  conditioned  stimulus 
(CS+;  either  a  blue  or  yellow  circle  or  square,  balanced  across  subjects)  that  was  paired 
with  the  air  puffin  75%  contingency.  8  6-second  presentations  of  a  non-reinforced 
conditioned  stimulus  (CS-:  also  either  a  blue  or  yellow  circle  or  square)  that  was  never 
paired  with  the  air  puff,  and  8  presentations  of  the  startle  stimulus  in  the  absence  of  any 
stimuli  (noise  alone  or  "N  A"  trial)  which  served  as  a  measure  of  baseline  startle  across 
the  phase.  The  CS+  and  air  puff  co-terminated  on  reinforced  trials.  Startle  pulses  were 
presented  approximately  4  sec  follow  ing  CS+  or  CS-  onset.  I  he  stimuli  serving  as  CS+ 
and  CS-  (blue  or  yellow  circles  or  squares)  were  randomly  assigned  across  participants. 
Contingency  awareness  w'as  measured  using  a  numbered  keypad  to  report  at  each  CS+ 
and  CS-  trial  whether  or  not  they  expected  to  receive  the  air  puff,  Participants  responded 
with  a  “I”  if  they  expected  the  air  puff,  “2"  if  they  w'ere  unsure,  and  ”3"  if  they  did  not 
expect  the  air  puff.  After  the  acquisition  phase,  contingency  awareness  was  again 
assessed  via  a  questionnaire  asking  participants  which  stimulus  predicted  the  shock. 
Self-reported  anxiety  during  the  cues  was  also  measured  at  this  time,  as  was  the 
subjective  aversiveness  of  the  air-puff  stimuli. 

After  completing  the  Acquisition  phase,  participants  were  asked  to  sit  quietly  for 
5  min  before  beginning  the  Extinction  phase.  Before  the  extinction  phase  began,  the 
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subjects  were  told  to  "remember  what  the  learned”  in  the  previous  session.  The 
Extinction  phase  consisted  of  16  presentations  of  each  stimulus  type  (CS+,  CS-,  and  NA). 
No  air  puffs  were  presented  during  this  phase.  Presentations  of  startle  pulses  were 
delivered  and  ratings  of  air-puff  expectancy  were  collected  in  the  same  fashion  as  in  the 
Acquisition  phase.  After  this  phase,  participants  again  rated  their  level  of  anxiety  during 
the  cues.  After  these  ratings  were  made,  participants  were  disconnected  from  the 
apparatus  and  went  on  to  other  assessment  stations  (see  Baker  et  al.  2012  for  full  details 
of  Marine  Resiliency  Study  assessment  battery). 

Assessment  of  Psychiatric  Symptoms 

Posttraumatic  Stress  Disorder:  Post-traumatic  stress  symptoms  were  assessed 
using  a  structured  diagnostic  interview,  the  Clinician  Administered  PTSD  Scale  (CAPS: 
Blake  et  al.,  1 995).  CAPS  total  scores  can  range  from  0  to  136  and  can  be  used  as  a 
measure  of  PTS  symptom  severity.  PTSD  symptom  group  membership  was  defined 
using  the  partial  PTSD  criteria  articulated  by  Stein  and  colleagues  (Stein  et  al.,  1997). 
Partial  PTSD  criteria  were  ehosen  due  to  the  relative  psychological  health  of  an  active 
duty  Marine  cohort.  Criteria  for  assignment  to  the  PTSD  symptom  group  were  the 
presence  of  at  least  I  B  symptom,  2  C  symptoms,  and  2  D  symptoms,  with  minimum 
frequency  ratings  of  1  and  minimum  intensity  ratings  of  2.  Inter-rater  reliability  in  MRS 
was  high  for  both  the  CAPS  total  score  (Intraclass  correlation  coefficient  =  .99)  and  for 
PTSD  diagnosis  (Kappa  =  .714). 

Anxiety:  Assignment  to  the  anxiety  symptoms  group  was  defined  as  scoring  in 
the  Moderate  to  Severe  range  (>  15)  on  the  Beck  Anxiety  Inventory  (BA I;  Beck  &  Steer. 
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1993).  The  BA  I  is  a  reliable  measure  of  general  anxiety  symptoms  present  within  the 
past  week,  and  discriminates  between  anxiety  vs.  depressive  symptoms  fairly  well  (Clark 
etal.,  1994). 

Depression:  Assignment  to  the  depression  symptoms  group  was  defined  as 
scoring  in  the  Moderate  to  Severe  range  (>  1 9)  on  the  Beck  Depression  Inventory  2 
(BD1-2;  Beck  et  aL  1996).  The  BD1-2  measures  the  presence  of  depressive  symptoms 
within  the  past  2  weeks. 

Trauma  History:  The  Life  Events  Checklist  (LEC;  Gray  et  aL  2004)  was  used  to 
assess  previous  trauma  history.  The  LEC  evaluates  the  participant" s  experience  of  a  wide 
range  of  traumatic  events  and  further  assesses  whether  the  event  directly  happened  to  the 
individual,  the  individual  witnessed  the  event  happening  to  others,  or  whether  the  even 
was  learned  about  second-hand.  The  LEC  score  reported  here  was  calculated  by 
summing  all  of  the  items  scored  as  “happened  to  me”  and/or  “witnessed  it”. 

Data  Analysis 

Final  Sample:  Of  the  original  1 ,1 95  Marines  and  Corpsmen  who  underwent  the 
fear  conditioning  and  extinction  protocol,  data  on  2 1  were  rendered  unusable  due  to 
technical  difficulties  during  testing.  An  additional  125  (10.6%  of  the  remaining  sample) 
were  excluded  from  the  analysis  because  they  failed  to  show  a  CS+  response  greater  than 
baseline  during  the  last  half  of  the  Acquisition  phase.  This  failure  to  potentiate  above 
baseline  suggested  that  the  air  puff  was  ineffective  in  inducing  fear  in  these  subjects  that 
would  be  sufficient  to  support  learning  in  these  participants.  Further,  35  subjects  met 
our  cutoffs  for  more  than  one  symptom  group  and  were  excluded  from  the  analysis.  This 
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approach  was  laken  lo  enable  comparison  of  relatively  ‘"pure”  symptom  classes  on  fear 
conditioning  and  extinction  phenotypes.  See  supplemental  materials  Table  SI .  for 
demographic  data  on  these  excluded  subjects.  The  remaining  1,014  subjects  were 
included  in  all  analyses. 

Startle:  Startle  data  for  the  Acquisition  and  Extinction  phases  were  analyzed  as 
previously  described  in  Acheson  et  al.  (2013)  by  averaging  responses  to  each  stimulus 
type  into  blocks  of  two  trials.  Within  each  block,  the  NA  averages  were  subtracted  from 
die  CS+  and  CS-  averages  to  adjust  for  changes  in  baseline  startle  across  die  session. 
Thus,  each  CS+  and  CS-  block  represented  startle  above  baseline  for  that  block  (e.g., 
(CS+)  -  (NA)).  Thus  there  were  4  blocks  for  the  CS+  and  CS-  during  the  Acquisition 
phase,  and  8  blocks  for  the  CS+  and  CS-  for  the  Extinction  phase. 

To  compare  acquisition  across  symptom  groups,  the  analysis  was  simplified  by 
averaging  the  last  two  blocks  of  the  session  across  both  CS  types  to  create  a  measure  of 
responding  over  the  last  half  of  the  acquisition  phase.  To  assess  function  of  the  task, 
Acquisition  phase  data  were  initially  analyzed  within  the  healthy  group  only  using  a 
repeated-measures  ANOVA  to  assess  differences  in  response  to  each  CS  type.  To  assess 
differences  by  symptom  group,  a  2  (CS  type)  x  4  (symptom  group)  mixed  ANOVA  was 
conducted  on  the  entire  sample.  Significant  interactions  were  followed  up  with  alpha- 
adjusted  post-hoc  tests  to  assess  Cue  response  differences  within  each  symptom  group. 

To  assess  symptom  group  differences  in  baseline  startle,  a  one-way  ANOVA,  with 
appropriate  post-hoc  tests,  was  conducted  on  the  average  NA  trial  response  across  the  last 
half  of  the  extinction  phase. 
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Extinction  phase  data  were  analyzed  by  computing  a  measure  of  “%  conditioned 
fear".  This  score  is  similar  to  the  "extinction  retention  index"  originated  by  Milad  and 
colleagues  (2007;  2008  (  in  their  studies  of  fear  extinction  memory  recall,  which  use  a 
normalization  approach  to  reduce  confounds  of  differences  in  fear  conditioning  on 
measurement  of  extinction.  For  each  subject,  the  maximal  CS+  response  during  the 
acquisition  phase  is  identified.  A  %  conditioned  fear  is  then  calculated  for  each  of  the  8 
extinction  blocks  using  the  following  equation:  I00*(CS+  response  on  extinction 
block/maximum  response  across  acquisition  blocks).  For  simplicity  of  presentation  and 
analysis,  these  scores  were  further  averaged  into  4  Extinction  blocks  consisting  of  4  trials 
each.  The  first  block.  Early  Extinction,  consisted  of  the  first  4  trials  of  the  phase.  Mid 
Extinction  I  trials  5-8.  Mid  Extinction  2  trials  9-12,  and  Late  Extinction  trial  13-16.  To 
assess  function  of  the  task.  Extinction  phase  data  were  initially  analyzed  within  the 
healthy  group  only  using  a  repeated -measures  ANOVA  to  assess  decrease  in  responding 
across  the  phase.  To  assess  differences  by  symptom  group,  a  4  (symptom  group)  x  4 
(Extinction  Block)  mixed  ANOVA  was  conducted  on  the  entire  sample.  To  assess 
symptom  group  differences  in  baseline  startle  response  during  the  extinction  phase,  a  4 
(symptom  group)  x  4  (Extinction  Block)  mixed  ANOVA.  with  appropriate  post-hoc  tests, 
was  conducted  on  the  NA  responses  averaged  into  blocks  analogous  to  those  above. 

Expectancy  and  Self-Report .  Expectancy  responses  were  re-coded  as:  expect  air 
puff  =  I .  unsure  =  0.  do  not  expect  air  puff  =  -1 .  Expectancy  responses  over  the  last  half 
of  the  Acquisition  phase  (4  trials/stimulus  type)  were  averaged  together  as  with  the  startle 
data.  ANOVAs  were  applied  to  assess  both  task  effectiveness  and  differences  by 
symptom  group  in  the  same  manner  as  with  the  startle  responses. 
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Expectancy  responses  during  the  extinction  phase  were  analyzed  by  trial, 
including  the  last  4  trials  of  the  Acquisition  phase  (20  total  trials).  Task  effectiveness 
was  assessed  using  a  repeated-measures  ANOVA  on  the  healthy  group  only.  A  4 
(symptom  group)  x  20  (Trial)  mixed  ANOVA  was  used  to  assess  differences  by  symptom 
group  across  the  entire  sample. 

To  assess  task  effectiveness  on  self-reported  anxiety.  CS  type  differences  on 
post-phase  questionnaires  were  analyzed  using  repealed  measures  ANOVA  on  the 
healthy  group  alone.  A  2  (CS  type)  x  4  (symptom  group)  mixed  ANOVA  was  used  to 
assess  differences  across  symptom  groups.  Task  effectiveness  in  assessing  change  across 
phase  in  self-reported  anxiety  was  assessed  using  a  repeated- measures  ANOVA  in  the 
healthy  group  only.  Differences  across  phase  by  symptom  group  were  assessed  with  4 
(symptom  group)  x  2  (Phase)  mixed  ANOVA  on  the  entire  sample.  In  all  analyses, 
significant  interactions  were  followed  up  with  two-tailed  Tukey  post-hoc  tests. 

Results 

Demographics 

Sample  demographics  are  displayed  in  Table  I .  There  were  no  differences  across 
symptom  groups  on  any  demographic  variable.  Differences  between  symptom  groups 
did  emerge  on  the  LEC  (/r(3,l0I0)=9.03,/K.0001,  partial  q2=.03],  such  that  all  symptom 
groups  reported  more  trauma  experience  relative  to  healthy  controls  (/«<  04).  I  lowever, 
the  symptom  groups  did  not  differ  from  one  another.  Two  subjects  w'ere  taking 
psychiatric  medication  for  reasons  otiier  than  smoking  cessation  or  sleep  ( I  in  the  PTSD 
symptom  group  and  I  in  the  anxiety  symptom  group).  Both  of  those  subjects  reported 
taking  fluoxetine  at  unknown  dosages.  As  expected  from  our  selection  criteria,  the 
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symptom  groups  had  significantly  higher  scores  on  their  respective  assessment  measures 
relative  to  the  other  groups  (Table  1;  omnibus  tests  F(3.10I0)>129,55,  //v<.000l ;  />.v<,05 
for  comparisons  vs  reference  group).  All  symptom  groups  had  higher  levels  of  PTSD. 
anxiety  and  depression  symptoms  compared  to  controls  healthy  controls  (/;,?<. 05). 

Overall  Task  Effectiveness 

Acquisition 

Startle :  As  expected,  startle  responses  during  the  Acquisition  phase  showed  a 
significant  effect  of  Cue  type,  with  the  CS+  response  being  elevated  relative  to  the  CS-, 
indicating  successful  differential  fear  conditioning  [Figure  1A,  F(  1 .91 8)=475.!4, 
/?<000I,  partial  r|2=.34]. 

Expectancy  ami  Self-Report:  For  expectancy  ratings,  participants  correctly 
identified  the  CS+  as  predictive  of  the  shock  [Figure  2  A;  F(I.913)=39I6.39,/K.0001, 
partial  rfi=.8  II].  On  a  I  (expect  air  puff)  to  -1  (do  not  expect  air  puff)  scale,  participants 
averaged  a  0.59  rating  for  the  CS+  and  a  -0.78  rating  for  the  CS-. 

On  the  post-phase  questionnaire,  88.9%  of  participants  correctly  identified  the 
CS+-  as  predictive  of  the  air  putY.  6.7%  of  participants  were  not  sure  which  CS  predicted 
the  air  puff,  and  3.1%  misidentified  the  CS-  as  predictive  of  the  air  puff.  Overall, 
participants  assigned  the  air  puff  an  average  aversiveness  rating  of  2.3 1  out  of  5  (SD  = 

1 .02).  Participants  rated  higher  levels  of  subjective  anxiety  in  the  presence  of  the  CS+ 
relative  to  the  CS-.  again  indicative  of  differentia]  fear  conditioning  [Figure  3A; 

F(  1 ,9 1 1 )=1 298.43,7^.000 1,  partial  Tf=.588]. 


Extinction 
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Startle:  As  expected,  percentage  of  conditioned  fear  (normalized  to  the  fear 
levels  displayed  in  the  acquisition  phase)  decreased  significantly  across  the  phase, 
demonstrating  successful  fear  extinction  [Figure  2A;  F(  3,275 1  )=1 82.87,  /K.0001,  partial 
r|2=.I66]. 

Expectancy  and  Self-Report:  Expectancy  ratings  to  the  CS+  decreased 
significantly  across  the  late  Acquisition  and  Extinction  phases  [Figure  2B; 
F(19,16682)=573.56,/?<.000t,  partial  rp=.395].  From  the  Acquisition  to  Extinction 
phases,  post-phase  ratings  of  anxiety  to  the  CS+  decreased  significantly  [Figure  3B; 

F{  1 .902  )=529. 1 5,  p<. 000 1 ,  partial  q2=.3 7 ]. 

Comparison  of  Task  Performance  between  Psychiatric  Symptom  Groups 

Acquisition 

Baseline  Startle:  There  was  a  significant  difference  between  symptom  groups  in 
average  baseline  startle  during  the  last  half  of  the  acquisition  phase  [F(3, 1010)=3.05, 
p<.03,  partial  q2=,009],  such  that  the  Anxiety  group  had  a  higher  magnitude  of  startle 
relative  to  healthy  controls  (p<.009).  No  other  symptom  group  differed  from  healthy 
controls. 

Startle  Potentiation:  When  participants  meeting  criteria  for  inclusion  in  a 
symptom  group  were  examined,  a  significant  symptom  group  x  Cue  type  interaction 
emerged  [Figure  l  A;  F(3, 1 005)=3 .4,  /X.02,  partial  q2=.OI  ].  Post-hoc  tests  revealed  that 
responding  to  the  CS+  was  significantly  higher  than  responses  to  the  CS-  for  the  healthy, 
anxious,  and  depressed  symptom  groups  (/w<.001 ),  but  not  for  the  PTSD  group  (/?<.09) 
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suggesting  reduced  differential  fear  conditioning  in  the  PTSD  group.  This  deficit  in 
differential  conditioning  was  driven  by  higher  CS-  responses  in  the  PTSD  group  relative 
to  the  healthy  group  (/x.004).  In  contrast,  the  Anxiety  group  exhibited  a  trend  for 
increased  CS+  responding  (/><0.06)  and  no  significant  differences  in  CS-  responses 
compared  to  healthy  controls.  Maximum  CS+  responding  was  also  calculated  across  die 
groups,  and  the  anxiety  symptom  group  showed  significantly  larger  maximum  CS+ 
responses  compared  to  the  healthy  group  [Supplemental  Figure  I :  F(3,1010)=2.73,/j<.05, 
partial  t]J=.00S;  anxiety  vs.  healthy  /j<.02] 

Expectancy  and  Self-Report:  For  expectancy  ratings,  there  was  no  symptom 
group  x  Cue  type  interaction  [Figure  2A;  F(3,I000)=I  .62,  nsj.  nor  was  there  an  overall 
effect  of  symptom  group  [F(3. 1 000)<l  .0,  ns].  For  self-reported  anxiety,  there  was  a 
significant  effect  of  symptom  group  [Figure  3  A;  F(3,997)=5.78,/><.0fll .  partial  ip=.OI7] 
with  anxious  subjects  reporting  higher  levels  of  anxiety  in  response  to  both  cues 
(;?<  00) ).  There  was  no  symptom  group  x  Cue  type  interaction  [F(3,997)=l  .65,  ns]. 

Extinction 

Baseline  Startle:  There  was  a  trend  toward  differential  responding  between 
symptom  groups  across  the  extinction  phase  [F(3.  I010)=2.09./K.l,  partial  rf=.006], 
again  with  the  Anxiety  group  Lrending  toward  higher  response  relative  to  healthy  controls 
(P<.  1). 


Startle  Potentiation:  A  significant  main  effect  of  symptom  group  was  apparent  on 
%conditioned  fear  during  the  extinction  phase  [F(3,1Q05)=3.05,/K.03,  partial  rf=.009], 
such  that  the  PTSD  group  maintained  a  higher  level  of  conditioned  fear  across  the  entire 


18 


session  compared  to  the  healthy  controls  {/K.006).  There  was  also  a  trend  for  a  block  X 
symptom  group  interaction  [figure  2A;  F(9,3015)=I.66, /K.1,  partial  r)I=.005]. 
Exploratory  post-hoc  analyses  at  each  block  showed  that  the  PTSD  group  maintained  a 
higher  level  of  conditioned  fear  relative  to  healthy  controls  at  both  the  Mid  Extinction  2 
and  Late  Extinction  blocks  (j?s<.05).  The  Anxiety  group  showed  a  trend  toward  higher 
responding  relative  to  controls  during  Mid  Extinction  I  (p<.07 ),  however  this  trend  was 
not  apparent  at  the  later  Extinction  blocks.  The  Depression  group  did  not  differ  from 
healthy  controls. 

Expectancy  and  Self- Report:  Expectancy  ratings  to  the  CS+  did  not  vary  by 
symptom  group  across  the  phase  [Figure  2B;  F(45,  1 4505)=  1 .33,  nsj,  nor  was  there  a 
main  effect  of  symptom  group  [F(3,967)  <  1 .0,  ns].  For  self-reported  anxiety,  there  were 
significant  differences  in  change  across  phases  by  symptom  group  [Figure  3B; 
F(3,988)=4.24, /?<.01,  partial  rj2=. 013],  such  that  all  groups  showed  significant  reductions 
across  phase  {ps  <  .05)  with  the  exception  of  the  PTSD  group.  The  PTSD  and  Anxiety 
groups  had  higher  responses  to  the  CS+  during  the  extinction  phase  relative  to  the  healthy 
group  (ps  <  .02).  In  addition,  there  was  a  significant  main  effect  of  symptom  group,  with 
the  Anxiety  group  showing  higher  ratings  overall  relative  to  the  Healthy  group 
[F(3 ,988 )=5 . 1 2,  /K.002,  partial  ri2=.015]. 

Discussion 

As  expected,  the  conditioning  paradigm  was  effective  in  producing  conditioned 
fear  learning  and  subsequent  extinction  learning  in  our  active-duty  Marine  and  Navy 
volunteers.  Psychiatrical ly  healthy  participants  acquired  differential  fear-potentiated 
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startle  and  self-reported  anxiety  responses  to  the  CS+  vs.  the  CS-  and  showed 
contingency  awareness  (expectancy  ratings).  Across  the  extinction  phase,  when  the  air 
puff  was  absent,  responses  to  the  C’S+  decreased  in  terms  of  both  potentiated  startle  and 
self-reported  anxiety.  Expectancy  ratings  showed  intact  contingency  learning  across 
extinction  as  well.  Successful  learning  in  this  paradigm  enables  comparisons  to  be  made 
in  the  learning  patterns  among  the  various  psychiatric  symptom  groups. 

Differential  patterns  of  learning  performance  emerged  between  psychiatric 
symptom  groups.  The  PTSD  group  was  unique  in  failing  to  show  a  differential 
potentiated  startle  response  to  CS+  and  CS-  at  the  end  of  fear  acquisition.  This  failure 
was  due  to  PTSD  subjects  maintaining  a  relatively  high  startle  response  to  the  CS-.  The 
observation  of  high  startle  responses  to  the  CS-  is  in  line  with  existing  research  showing 
that  individuals  with  PTSD  have  difficulty  learning  to  inhibit  startle  responses  in  the 
presence  of  a  safety  signal  (Jovanovic  et  ah,  2009;  2010).  Though  not  explicitly  termed 
"safety  signal”  in  the  current  paradigm,  presentation  of  the  CS-  effectively  signals  the 
absence  of  the  air  puff,  or  safety.  Interestingly,  the  participants  in  the  PTSD  group 
showed  intact  contingency  awareness  in  the  expecrancy  ratings,  as  well  as  intact 
discrimination  learning  as  assessed  by  self-reported  anxiety.  These  findings  suggest  a 
"disconnect”  between  the  participants  explicit  experience  and  automatic  physiological 
responses  to  the  safety  cue  (i.e.  potentiated  startle). 

Across  the  extinction  phase,  the  PTSD  symptom  group  maintained  potentiated 
startle  to  the  CS+  overall  relative  to  the  healthy  group.  The  finding  that  conditioned  fear 
responses  were  maintained  throughout  extinction  supports  existing  research  suggesting  a 
disruption  in  fear  extinction  learning  and  recall  in  PTSD  subjects  relative  to  healthy 
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con  trols  (Norrholm  ct  al.,  2011;  Mi  lad  et  al.,  2008;  Wessa  &  Flor.  2007;  Orr  et  aL,  2000, 
Peri  et  al.,  2000).  This  greater  maintenance  of  conditioned  fear  was  also  apparent  in  the 
self-report  of  anxiety  in  response  to  the  CS+,  which  remained  relatively  unchanged  in  the 
PTSD  group  after  extinction  training,  unlike  the  other  groups.  Again,  the  PTSD  group 
showed  normal  explicit  learning  that  the  CS+  no  longer  predicted  the  US  (as  evidenced 
by  the  expectancy  ratings  across  the  extinction  session),  further  supporting  a  disconnect 
between  explicit  contingency  awareness  and  fear  expression.  Thus  the  current  findings 
of  deficient  inhibition  of  potentiated  startle  to  a  safely  cue  and  reduced  extinction  of 
physiological  and  emotional  fear  responses  in  the  presence  of  intact  contingency 
awareness  supports  the  theory  that  PTSI.)  is  characterized  by  a  failure  to  inhibit 
automatic,  physiological  fear  responses.  This  failure  of  inhibition  is  observed  even 
though  the  subject  is  explicitly  aware  of  a  lack  of  threat  or  danger. 

The  anxiety  symptom  group  showed  significantly  higher  baseline  startle 
responding  and  higher  CS+  potentiation  compared  to  the  healthy  group.  This  group  also 
reported  significantly  higher  anxiety  to  both  CS+  and  CS-  after  acquisition  relative  to  the 
healthy  group.  The  finding  that  CS+/-  discrimination  is  normal  in  participants  with  high 
generalized  anxiety  symptoms  is  in  line  with  other  report  that  high  trail  anxiety 
participants  exhibit  normal  CS+/CS-  discrimination  (Kindt  and  Soeter,  20 1 4;  Gazendam 
et  al,  2013).  The  present  findings  of  higher  self-reported  anxiety  to  the  conditioned  cues 
are  also  in  line  with  past  reports  using  a  similar  protocol  (Gazendam  et  al.  2013).  During 
extinction  training,  the  anxiety  symptom  group  successfully  extinguished  both 
potentiated  startle  and  US  expectancy  to  the  CS+.  They  also  successfully  extinguished 
self-reported  anxiety  to  the  CS+,  however  overall  responding  remained  high  compared  to 
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the  other  groups.  Taken  together,  this  pattern  of  results  is  suggestive  of  greater  explicit 
anxiety  responses  during  aversive  anticipation  in  this  group  while  fear  inhibition  and 
discrimination  processes  are  relatively  normal. 

The  depression  symptom  group  showed  response  patterns  in  all  measures  that 
were  indistinguishable  from  healthy  controls.  The  normal  fear  inhibition  and  potentiated 
startle  in  the  depression  group  as  assessed  by  safety  signal  learning  and  extinction  is  in 
line  with  previous  studies  (Jovanovic  et  al..  2010;  2012).  The  present  results  differ 
however  from  a  recent  study  in  major  depression  patients  in  a  task  which  incorporates 
both  predictable  and  unpredictable  aversive  stimuli  (Grillon  et  al..  2013).  In  this  task, 
MDD  patients  exhibited  higher  baseline  startle  reactivity  as  well  as  greater  potentiation 
during  the  cue  that  was  predictive  (100%  contingency)  of  an  aversive  event.  The 
increased  startle  potentiation  was  associated  with  symptom  chronicity  as  well  as  severity. 
The  different  results  across  this  study  and  the  present  study  are  unlikely  due  to 
differences  in  symptom  severity  (mean  BD1  26  vs.  29  for  present  and  previous  studies, 
respectively)  or  treatment  (both  studies  used  unmcdicated  participants),  it  is  possible  that 
the  difference  between  the  Grillon  et  al.  study  and  the  present  study  are  due  to  differences 
in  the  chronicity  of  symptoms,  gender  demographics  (mixed  vs.  all  male  sample 
respectively)  and  comorbid  anxiety  (high  vs.  relatively  low  respectively).  The  lack  of 
significant  differences  in  the  present  study  must  also  be  interpreted  with  caution  given  the 
relatively  small  sample  size  in  this  group  (N=12). 

The  present  results  suggest  differential  performance  between  PTSD  and  anxiety 
symptom  groups,  with  general  anxiety  symptoms  being  more  associated  with  exaggerated 
fear  responses  and  PTSD  symptoms  being  specifically  associated  with  a  failure  to 
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appropriately  inhibit  Tear  responses  to  safety  signals  and  reduced  extinction.  This 
differential  pattern  of  results  is  suggestive  of  differences  at  the  neurocircuit  level.  The 
higher  overall  responding  in  the  anxiety  symptom  group  may  reflect  hyperactivity  in 
emotion-generating  limbic  circuits,  consistent  with  the  neuroimaging  evidence  for 
heightened  amygdala  activation  to  negative  provocation  in  subjects  with  generalized 
anxiety  (ie,  Rauch  el  al.,  2003).  While  PTSD  has  also  been  associated  with  limbic 
system  hyperactivity  (Shin  el  at.,  2006),  neuroimaging  studies  have  shown  more 
pronounced  findings  of  hypoaclivalion  in  structures  responsible  for  inhibition  of  the 
limbic  system,  specifically  Lhe  medial  prefrontal  cortex  (mPFC)  and  the  rostral  and  dorsal 
regions  of  the  anterior  cingulate  cortex  (Elkin  &  Wager.  2007).  Further,  Milad  and 
colleagues  (2007;  2008)  have  demonstrated  that  individuals  with  PTSD  exhibit  reduced 
ability  to  recall  fear  extinction  (or  fear  inhibition)  24  hours  after  initial  learning,  an  ability 
that  is  dependent  upon  mPFC  activation.  Reduced  activity  of  ventromedial  prefrontal 
cortex  is  also  associated  with  increased  potentiation  to  CS-  and  reduced  extinction  of 
CS+  (Jovanovic  et  a!  2013).  Thus  this  pattern  of  hypoactivation  in  fear  inhibition  circuits 
inay  be  reflected  in  the  current  results  of  relatively  normal  magnitude  of  fear  responses 
but  poor  safety-signal  learning  and  reduced  extinction  in  PTSD  symptom  groups.  The 
present  findings  also  raise  the  possibility  that  this  task  could  identify,  via  differential 
patterns  of  response  (exaggerated  fear  response  vs.  impaired  fear  inhibition),  those  who 
are  neurobiologically  at  risk  for  developing  a  certain  class  of  pathology  post-trauma. 
Previous  research  has  suggested  that  impaired  fear  extinction  may  be  a  marker  for 
increased  risk  of  developing  PTSD  following  a  trauma  (Guthrie  &  Bryant,  2006;  Pole. 
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2009;  Lommen,  2013).  Future  studies  may  examine  whether  these  phenotypes  predict 
differential  treatment  responses  to  pharmacological  or  behavioral  therapies. 

Some  limitations  of  the  current  study  must  be  acknowledged.  First,  the  paradigm 
was  not  effective  in  producing  fear-potentiated  startle  in  ~l  1%  of  the  study  participants 
tested.  While  this  failure  resulted  in  a  reduction  of  sample  size,  the  excluded  participants 
did  not  appear  to  differ  systematically  from  the  study  volunteers  as  a  whole 
(supplemental  Table  I ).  Second,  the  study  was  conducted  on  a  highly  screened  cohort  of 
active  duty  Marines  and  Navy  corpsmen,  which  limited  the  number  of  participants 
displaying  psychiatric  symptoms  of  sufficient  intensity  for  inclusion  in  the  symptom 
groups.  Therefore,  the  number  of  participants  included  in  the  symptom  groups  is 
relatively  small,  particularly  the  depression  group.  It  is  possible  that  low  power  may 
have  contributed  to  the  inability  to  detect  significant  differences  in  between  the 
depression  and  healthy  control  group.  I  lowever  it  is  important  to  note  that  the  present 
findings  of  normal  fear  inhibition  and  extinction  in  the  depression  symptom  group 
replicates  previous  studies  with  greater  subject  numbers  (Jovanovic  el  al  2009, 2010). 
Third,  the  current  study  examined  effects  of  psychiatric  symptoms  in  isolation  from 
trauma  or  deployment  history  per  se.  I3y  simply  comparing  LEG  scores  across  symptom 
groups  wc  found  that  trauma  burden  was  significantly  higher  in  all  symptom  groups 
compared  to  the  healthy  group  but  not  different  between  symptom  groups,  suggesting 
that  differences  in  trauma  exposure  are  unlikely  to  explain  differences  in  task 
performance  across  the  symptom  groups.  Future  analyses  will  investigate  the  role  of 
these  variables  in  influencing  task  performance,  as  well  as  their  interaction  with 
psychiatric  symptoms.  Finally,  while  the  symptom  groups  had  significantly  higher  scores 
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on  iheir  respective  assessment  measures  relative  to  tile  other  groups  (Table  I ),  all 
symptom  groups  also  differed  from  healthy  controls  across  all  measures.  This  elevation 
across  symptom  measures  speaks  to  the  difficulty  of  achieving  "pure”  symptom 
categories  given  the  large  amount  of  overlap  in  phenomenology  among  these  conditions. 
However,  the  current  paradigm  was  effective  in  discriminating  between  symptom  classes 
based  on  severity,  and  as  whole  it  appears  that  die  current  results  have  captured 
differences  between  groups  characterized  by  predominant  symptoms  unique  to  Anxiety 
and  PTSD.  In  sum.  the  fear  conditioning  and  extinction  paradigm  appears  to  function  as 
anticipated  in  this  active-duty  Marine/Navy  cohort,  and  may,  together  with  the  MRS-II 
study  as  a  whole,  lead  to  novel  insights  into  potential  biobehavioral  mechanisms  of  stress 
injury  development,  treatment,  and  prevention. 
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Table  I :  Demographics  and  Symptom  Measures 


Symptom  Group 


Healthy 

PTSD 

Anxiety 

Depression 

N 

923 

42 

37 

12 

Age 

22.23 

22.63 

22.4 

21.38 

(SD) 

(2.81) 

(4.08) 

(3.27) 

(2.33) 

Months  in  the  Military 

31.29 

39.5 

32.7 

31 

[SD) 

(26.18) 

(43.89) 

(28.74) 

(29.64) 

Education 

<  H.S. 

3.3% 

2.4% 

2.7% 

8.3% 

H.S. 

69.3% 

76.2% 

73% 

91.7% 

Some  College 

25% 

21.4% 

21.6% 

0% 

B.A. 

2.4% 

0% 

2.7% 

0% 

Post-graduate 

0% 

0% 

0% 

0% 

Rank 

Junior  Enlisted 

71.3% 

76.2% 

78.4% 

91.7% 

NCO 

27.5% 

23.8% 

18.9% 

8.3% 

Officer 

1.2% 

0% 

2.7% 

0% 

Race 

White 

87.4% 

85.7% 

83.3% 

83.3% 

African-American 

3.7% 

0% 

0% 

0% 

Other 

8.9% 

14.3% 

16.2% 

16.6% 

Ethnicity 

Not  Hispanic  or  Latino 

75.8% 

64.3% 

67.5% 

75% 

Hispanic  or  Latino 

24.2% 

35.7% 

32.4% 

25% 

Marital  Status 

Single,  Never  Married 

68.5% 

69% 

75.7% 

75% 

Married 

29.3% 

28.6% 

21.6% 

25% 

Divorced 

1.4% 

2.4% 

0% 

0% 

Separated 

0.9% 

0% 

2.7% 

0% 

Pathology  Measures 
(SD) 

CAPS  Total  Score 

9.66* 

43.74 

17.95* 

27.83* 

30 


(9.34) 

(11.29) 

(10.91) 

(12.06) 

BAI  Total  Score 

Z.87a 

4.4a 

20.41 

6.67a 

(4.03) 

(5.54) 

(5.45) 

(4.92) 

BDI-2  Total  Score 

3.89a 

9.8  6a 

9.65a 

24.17 

(4.19) 

(5.43) 

(5.44) 

(3.33) 

LEC  Score 

4.16 

5.93b 

5.54b 

5.92b 

(2.80) 

(3.60) 

_ (3-12) 

(2.27) 

a=p<  05  for  comparisons  vs  category  reference  group  (i.e.,  PTSD  group  reference  for 
CAPS  score  comparisons).  b~p<. 05  vs  Healthy 
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Figure  Captions 

Figure  1:  A)  Potentiated  startle  magnitudes  across  the  last  half  of  the  acquisition  phase 
by  symptom  group.  *=/;<  05  tor  CST  vs  CS- comparisons.  Jr,=/?<. 05  for  PTSD  vs 
I  lealthy  comparison.  B)  Expectancy  ratings  across  the  last  half  of  the  acquisition  phase 
by  symptom  groups.  *~p<.05  for  the  CS+  vs  CS-  main  effect.  C)  Self-reported  anxiety 
by  symptom  groups  following  the  acquisition  phase.  *=/;<. 05  for  CS+-  vs  CS-  main 
effect  and  Anxiety  vs  Healthy  comparison. 

Figure  2:  A)  %  acquisition  response  retained  across  the  extinction  phase  by  symptom 
group.  *=/?<  05  for  PTSD  vs  Healthy  comparison.  l,=p<.0S  for  exploratory  comparisons 
vs  healthy  controls.  B)  CS+  expectancy  ratings  across  the  entire  extinction  phase.  C) 
Self-reported  anxiety  following  the  acquisition  and  extinction  phases  by  symptom  group. 
*=/?<.05  for  comparisons  across  phase  and  for  the  Anxiety  vs  Healthy  comparison. 

*=p<. 05  for  PTSD  and  Anxiety  vs.  Healthy  comparisons  within  the  extinction  phase. 
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Figure  t:  Acquisition 
(A) 
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Figure  2:  Extinction 
(A) 


Healthy 


r- — i  PTSD  * 
Anxiety 


-1.0  ^ - ' - ^ - 1 - 1 - 1 - ' - 1 - i— 

2  4  6  8  10  12  14  16 


Extinction  Trial 


(C) 


* 


Healthy  PTSD  Anxiety  Depression 


Supplementary  Materials 


Table  SI.  Supplemental  Demographics  for  Subjects  Excluded  Based  on  Lack  of  CS+ 
Potentiation  or  Comorbidity 


N 

Lack  of 
Potentiation 

125 

Comorbiditv 

35 

Age 

22.28 

22,31 

(SD) 

(3.63) 

(3.37) 

Months  in  the  Military 

30.15 

40.26 

(SD) 

(30.23) 

(41.44) 

Education 

<  H.S. 

4% 

2.9% 

H.S. 

72% 

71.4% 

Some  College 

21.6% 

20% 

B.A. 

1.6% 

2.9% 

Post-graduate 

0.8% 

2.9% 

Rank 

Junior  Enlisted 

77.6% 

71.4% 

NCO 

21.6% 

25.7% 

Officer 

0.8% 

2.9% 

Race 

White 

89.6% 

88.6% 

African-American 

6.4% 

5.7% 

Other 

4% 

5.7% 

Ethnicity 

Not  Hispanic  or  Latino 

74.4% 

77.1% 

Hispanic  or  Latino 

25.6% 

22.9% 

Marital  Status 

Single,  Never  Married 

76.8% 

57.1% 

Married 

23.2% 

42.9% 

Divorced 

0% 

0% 

Separated 

0% 

0% 

Pathology  Measures 
(SD) 

CAPS  Total  Score  12.42  44.43 


2 


(12.64) 

(13.42) 

BAI  Total  Score 

4.8 

20,14 

(6.85) 

(8.87) 

BDI-2  Total  Score 

6.01 

24.66 

(6.6) 

(8.89) 

LEC  Score 

4.26 

7.20 

(2.76) 

(3.37) 

Maximum  CS+  Response  in  Acquisition 
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Supplemental  Figure  I :  Maximal  Acquisition  Response  by  Symptom  Group. 
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•  CAPS  summary  score: 

Sum  of  all  frequencies  and  intensities  of  the  17  questions  {range:  0-  136) 
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Bayesian  based  cluster  methods  (STRUCTURE)  to  generate  ancestry  estimates  based  on  HGDP 
reference  populations  and  AIMs 

Determination  of  main  ancestral  groups  {<5%  admixture) 

Visual  inspection:  PCA  with  reference  populations  and  color  coding  for  main  ancestral  groups 


Study  design:  GWAS  on  PTSD  symptom  changes 
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Goal:  identification  of  SNPs  associated  with  larger  changes  in  trauma-relate 
symptoms  than  predicted  by  the  severity  of  combat  trauma  exposure 


Effect  of  trauma  on  PTSD  symptoms 
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Post-deployment  PTSD  case-control  GWAS 
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Chromosomal  Positions 


Consistent  effects  across  MRS  studies 


Secondary  GWAS  models 
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•  Dominant  genetic  model  is  more  significant  than  an  additive  one 


CSMD1  function 
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Cub  and  Sushi  Multiple  Domains  1 


CUB  and  Sushi  multiple  domains-1  gene  ( CSMD1 ) 
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Role  of  CSMD1  in  Neuropsychiatric  disorders 
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*  Cases  were  selected  to  be  symptom-free  (CAPs  <25}  at  pre-deployment 
and  diagnosed  with  partial  or  full  PTSD  at  the  post-deployment  visit 
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CSMD1  gene  structure  (intron  -  exon)  boundaries 


Mean  (±SE)  levels  of  methylation  in  CSMD1  probe  is  significantly  lower  in 
PTSD  cases  compared  to  controls  three  months  after  exposure  to  combat 
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Linear  regression  (|3-regression)  with  predictors  cases  status,  predeployment  methylation,  and  3  PC's 


Significantly  lower  gene  expression  in  CSMD1  in  PTSD  subjects  compared  to 

controls  at  post-deployment  assessments 
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Data  represent  fold  change  (2'avST)  ±  SE,  relative  to  controls,  following 
normalization  and  VST  transformation 
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NPY  CSF  and  Plasma 
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Y5R  is  involved  in  energy  balance,  circadian  regulation  and 
may  be  a  second  brain  peptide  (in  addition  to  Y1R  is  important 
in  regulation  of  anxious  temperament  (Roosebioom  et  ai.  2014) 


Neuropeptide  Y 
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In  hypothalamus,  NPY  participates  with  leptin  and 
a-MSH  in  energy  balance;  in  SCN  participates  in 
circadian  regulation;  involved  in  adult  neurogenesis 


Neuropeptide  Y 
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NPY  s  angiogenic  and  immune  effects  promote  atherosclerosis 
NPY’s  angiogenic  effects  promote  fat  cell  growth  and  promote 
metabolic  syndrome 


Neuropeptide  Y  Concentrations: 
Across  the  BBB  &  Across  Time 
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relation  to  stress  i.e.  childhood  trauma  &  combat  stress 
Discuss  possible  implications,  mechanisms  and  future  directions 


CD 


CD 

E 
o 
o 

Q  cd 
£  0) 
El  B 

m  ■  ^ 

Q_  — 

O  > 
c 

D  0)  ^ 

to  s>  ;> 

*o  ° 
*—  +-»  _ 

3  M —  ^ 

qr  o  0 
—  'Lb! 

CD  -o  ^ 

c  ^ 


-O  ^0 


CD 


<d 


c/) 


CD  5 


=5 

CD 


i 

C 

o 


_Q  O 

CD  **P 
^  O  c 
CD  CD 
O  CD  -- 

o 


CD 


C/D 


GO 

*-  o  ^ 

cd  lr  o 

GO  O  o 


CD 

c 


_£Z 

i 

CM 

"O 

c 

CD 

CD 

> 

CD  m 
cd  p 

c  ro 
<°  ^ 
E-i 

I? 

CL  O 

-O  x= 
0  'xf 

CD  ™ 

CL>  CD 

w 

£  § 
u_~  o 

c/)  c 

O  o 

-  -»— » 

CD  O 
■C  OD 

0  o 

a)  g 


0 


0 

0 


5  £ 

DO  O 
-r^  O 


0  5 

0  "O 

S?  0 
0 


£ 

CO 

-t— ' 

O  -Q 

o  c 

jQ 
=5 
CD 


0 


"0 

C 

0 

0 

^_ 

0 

0 


3  s 


£3  ^ 


“O 

0 

o 

0 


o 

0 


*s 

0 
4— > 

"D  O 


ro  O 

CD  > 

>>  C 

-5  <0 

Q.  CD  ~ 


0 

CO 

C 

0 


-d  S 

0  0 

N  > 

0  CD 


c  3 

8  ■o 

C  0 

+5  Q 

.52  GO 


0 

0 


O 

> 


> 

*  — 

O 

vH 

tH 

Q 

GO 


0  0-  = 


0  Q. 


O  O  iQfl  D  -  .t! 

0  0“ 

V- - , 

0  -Q 
_d  0 
O  CD 

=b  T3 
0  0 

—e  0  r- 

o  "O 


T3  ,-t! 

S* 

CT  ft 
0  u 
Lr  0 


> 

» — 

o 

±3  +-» 
—  O 
0  (D 

®  S' 


^  0 
0  “ 


^  CO 

->  CNJ 


CD 

vH 


r- 

0  0 

E  LU 


14  combat  controls  had  sufficient  CSF  for  statistical 
analysis 


Methodology  Catheter  Insertion 


Methodology:  Catheter  in  place 


Cross-lagged  correlation:  CSF/Plasma  NPY 
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Baker  DG  et  al„  PNEC  2013  38(1 0):2378-82 
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For  Detailed  Description  of  Methods: 

See  Baker  et  al.  Prev  Chronic  Dis.  2012;9:E97 


MRS  Longitudinal  Data  Sources 


CD 

O 

1 E 

>  V)  o 

P  P  (§ 

n 

CD 


< 

>*  o 


o  V 


$  * 

CD 

O 


0)  CD 

■D 


0 

.1 

!c 

o 


0) 
CD 
t r. ) 
o 
c 

•QO 

CD 


"O 
CD  — 
^  CD 

C  .9 

.2  ~0 
~  CD 


0 

-t-j 

> 

CD 

CD 

O 

_CZ 

<0 

C  CD 
O  CD 
'-t-»  -CD 
CD  -*-> 
M  C 
'-=  CD 

CD  4_j 

~  CD 
Q-  Q_ 
05  +-> 
O  3 
X  O 


0) 

3 

+-* 

CD 

+-* 

05 

>•> 

■f— ' 

3 

Cl 


c 

o 

05 

CD 

CD 


CD 

CD 

-t— > 

CD 

■a 

c 

o 

CD 

i-_ 

CD 

CL 

CD 

CO 


CD 

_Q 

O 

00 


CD 

£ 

05 

0 

Q. 

T3 
05  O 

<u  o 

■q.  -0 

E  2 

CD  O 

0)  JZ 

m  5 


(D 

O 


oz 


o  1 1 !  < 

.9  ffl  (/)  D  o 

m  . 


CD 


CD 


CQ  •  •  •  «  : 


(0 

o 

E 

o 

c 

a) 

o 


co 

^  o 

•m  Q. 
CO  I 

o  a) 

CL 

i  CL 
CD  - 
^  *—  +-» 
CD  CL  (D 

m  -  (0 
0) 


£  -Q 


CO 


*o 
0) 

~  tn  ^ 

CL  ^  £ 

£  a>  o 

g  £  a. 
3  o  -x 

5  -M  C 

$  <D  CD 

a  ^  £ 


CO 


T3  <D 

c  £ 

ro  co 

—  CO 

cd  a) 
.9  co 
DO  w 
o  CO 

O  aj 

o  o 

cl 

CD 

00 


CD 

o 

13 

0  g> 

E5 

CD 

■a  > 

5  s 

.9  .E 

.1  3 

f  | 

0)  O 

Q_ 


0) 

CD 

v_ 

*CD 

IZ 

cz 

o 

'■4— 1 

05 

CD 


CD 
> 

3  0 

O  o 

9  o 

iii  C/5 


cr  — 


—  >> 

CD 

O  O 

100  £ 

O  CD 

o  ^ 


_  o 

o  0 
O  i*= 

S  <?) 


£  C 

S' .2 

a. 

e  g 

3  +3 

0  < 


•QjO 

£ 

"cz 

o 

05 

0 

0 

or 

<_r  c 

o  .2 

—  4^ 

-M  — 

o  c: 
C  TOO 
Z5  O 

LL  O 


J3 

c 

a) 

£ 

85 

a) 

CO 

CO 

CD 

«3 

o 

XJO 

o 

o 

bo 


£ 

5 

i— 

0 

£ 

o 

GO 


0 

05  q 

iS  8 

I  J 

I  o 

°?  o 

CD  - 
-£Z  0 

Q_  CD 

<C  •— 


£  iS 
o  o 

£  S 

uj_ 

•  0 

o 


I-' 

0 

0 

_Q 

3 

0 

0  2 
O  £ 

£  0 
o  c 

2  -a 
■£  o 

0  r~ 

0  <D 


0 

i_ 

3 

0 

0  T3 
0  CZ 

a.  <° 

T3  >>  -E 

§|S  § 

^  O  0  2 

■a  E  cz 

£Z  ^  O 

00  Q-  0  E 

9  2^3 

0  -C  ^  H 
-=  O  0  ~ 
-5  >s  -Q 
CL  0  c/)  CD 

•  Q-  •  .c 


c 

o 

•4— 1 

o 

E 

0 


0 

DJD 

C 

CZ 

o 

V-| 

’td 

c 

o 

o 


heart  rate  variability 
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Sociodemographic  and  psychometric  data  at  baseline  (n  =  2489) 
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a  DSM  IV  Full  and  partial  stringent  DX 

Other  306  (12.3%)  *  Alcohol  abuse  =  audit  score  >  2 


Determinants  of  Plasma  NPY  Concentration 
Prior  to  and  after  exposure  to  combat: 
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Correlations  between  pNPY  and  Stress  Biomarkers 


a> 

(TJ 

> 

Visit  3 

-0.04 

(0-1) 

0.06 

(0.2) 

0.002 

(1.0) 

I 

Q. 

>- 

a. 

z 

a. 

■ 

5 

<o 

c 

o 

■  mm* 

05 

Visit  2 

-0.006 

(0.8) 

-0.008 

(0.7) 

0.02 

(0-6) 

Visit  0 

-0.02 

(0.2) 

0.02 

(0.2) 

0.05 

(0-1) 

a> 

: 1 

s- 

o 

O 

CO 

o 

LU 

o 

LLf 

Z 

a 

3 

3 

CO 

Correlations  between  Plasma  NPY,  spot  urine  uE,  uNE  and  saliva  Cortisol: 
Non-significant  at  baseline  (predeployment):  non-significant  at  3  and  6  months 
post-deployment 


C/l 

UO 

0> 

o 

o 

< 

u 
*  ^ 

3 

Oh 

ffi 

3 


if! 

3 

3 


O 

3 


-o 

0 


0 

-a 

0 


r| 

3 

’C- 

q 

r  i 

a 

r ! 
u 
o 

t3 


'O 

o 


Q 

’y 

O'" 

GO 

^o 

I 

oo 

o 


O 

'O 


^1 

•D 

o 

■I— 

O 

*— i 

o 

r  i 

C 

-£r 

a 

a 

I 

K. 


07 

c 

<u 

d> 


cc 

c 

o> 

CO 

13 

O 

O 

t 

o 

o 

o 

o 

3 

O 


t/)  tft 
a> 


> 

a* 


CD 


CD 

4-* 

o 

E 

o 


c 

(U 

E 

3 

x 

a> 

xz 


>-  3 

a>  £ 

2  § 


a 

o> 

Q. 

o 

3 

a> 


cq 

‘l- 

to 

> 


0) 

c 

CD 

(5 


to 

c 

o 

Cl 

</) 

CD 

tr 

V) 

to 

CD 

L. 

+-» 

CO 

13 

C 

<0 

c 

o 

v> 

<D 

W 

o 

a> 

CO 

> 

CL 

2 

T3 

a> 

(0 

to 

a> 


Q  n 
x:  o 

CL  O 

Q  I 
*8 


<£n 

a 


JD 

to 

N 

C 

o 

O 

i 

to 

a> 


02" 


>* 

c 

to 


o  O 
£  S 

to  - 

.*=  c 
o  o 

X2  o> 
<13  C 
CL  O 
<i> 

to  ^ 

o  > 

* 

-  -  Vo 

a  cd 


2  a> 

<3  ^3 

* 

E  > 


-  —  CL 
O)  <0  _ 

E 

o 

^  „  D) 

CO  *  *-* 

Q  C 

(O^o 

IS  s 
0 

2  Ol 

■  -§s 

9^E 

to 


CO 

ja 

o 

d 

a 


g  D 


°-  S  - 
«  o® 

«  a<£' 

.c  ro  O 
ro  2  ■*= 

2  .a. 

TOO  jf 

3  J=  ~ 

f— 


to 


a*  c 
5  .5 

CD  i_ 

c  ca 

<u 

“tQ 
Q  £ 

J= 

CL  u 
„  ® 

Q  5 

S  2 

-  .c 
O)  O) 

W  i 

5  ro 

N  E 

O)  ® 

s  «§, 

*  S 

3  . 


«  1 

=!  |d 

Q  «  5 

5=  “  £ 

°-  co  TJ 

®|5 

to  -^4+' 

5  6 

*_  j-* 

'rtl  Q  Q_ 


5  a> 


CO 

03 


JC 

CL 


ta  a) 

-Q 


O 


^  -D  -S 

O  Ss 

a 

CO  ^  ' 

.  to  tt- 
“>  C  (0 
>  J=  .t- 

£  «  a 

2.  i- 

T3  JC++ 

c  'c  x 

<  CO  CL 

. 

Q  a  * 
J=  ■£=  g 

CL  CL  S 


C£9 

a 


to 

^  o 

to 

.  Q 

</) 

tO 

So 

a  o 

z:  co 


o 

c 

y 

XJ 

s 

s 

u 

B 

o 

c 

<D 

O 


B 

3 

■M 

to 

c 


(D 

o 

CO  d 

00  c 
<  o 
O  p 
cO  - 

<D  .  T3 

^  H  c 

>  ^  to 

Si  ^ 

Q  5 

^  Q 
Q  ^ 

CL  «i 


c 
0) 
X5 
01 

> 
> 

CO 

JO 

to 
in 
Cl 
Q. 

C?  E  D 
IS  o 
?  ~  >; 


to 


fe  ol 

r  - 

gs  o 
a>  — 
-  a> 

“  & 

„  c  > 
o>^  .32 
2  ^ 


f=  to 

<&  - 

_  O) 
T3  a> 

^  Q 

>,  c 

07  (0 
o  CO 

8  6 
to  a> 
E  -5! 
15  O 

-C  c 
CL  <a 
CO 


0 

C 


to 


y  to 

T)  E 

0)  w 


to 

O 


(/) 

*-« 
c 
0 
E 

t: 
to  a> 
cl  > 
0  q 

o 


tO 


JO 

o 

“3 

(0 

_l 

0 

3 

-i— * 

ifl 

C 

-C 

L> 

>— 

to 

0 

0 

0 

a: 

CL 

O- 

*i— 

O 

CO 

0 

-C 


0 

£ 

o 

~o 

0 


0  n 


0 

> 

vc 

3 

JO 

to 

C/> 

Cl 

Ol 

3 

i n 
0 
o 
c 
0 
o 
CO 

15 

o 

13 

0 


0 

C 

0 

E 

0 

Cl 

x 

Ui 

13 

C 

CO 

i— 

JO 

=S 

u 

0 

O 


O  W  «*- 


C 

0 

E 

tr 

0 

Cl 

0 

Q 


c 

0 

E  .2 

tr  c 

S  o 

CL 

0  = 


JO 

"5 

i_ 

0 

3 

< 

13 

C 

J5 

0 

C 

0 

0 

3 

o 

0 

c 

0 

-Q 

U> 

CD 


0 

0 

0 

0 

CL 


0 

O 

T5 

0 


£ 

0 

3 

V 

0 

c 


o  — 


X 

c 

JO 

0 

G 

0 

0 

3 

a 


C 

0 

CO 

E 

0 

0 

>» 

CO 

0 

0 

u 

_c 

0 

0 

X 

o 

a) 

5! 

Q 

G 

0 

CO 

< 

> 


0 

0 

X 

15 

JM 

c 

0 


13 

C 

0 

0 

0 

0 


*  CO 


0 

u 

c 

_0 

~a> 

u 

UJ  -2 
*= 

u 


2  15 
0  ° 


a 
ca 

°  °  % 

SI 

< 


<f  °» 

=  o 


NIH-PA  Author  Manuscript 


NIH-PA  Author  Manuscript 


Objectives — This  study  sought  to  understand  whether  genetic  variation  at  the  Neuropeptide  Y 
{NPY)  locus  governs  secretion  and  stress  responses  in  vivo  as  well  as  JVPl'gene  expression  in 


Studied  healthy  twin/sibling  pairs  (n  =  399  individuals), 
typing  6  polymorphisms  spanning  the  locus;  replication 
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000  wo- 


•Bayesian  based  cluster  methods  (STRUCTURE)  to  generate  ancestry  estimates  based  on  HGDP 
reference  populations  and  AIMs 

•Determination  of  main  ancestral  groups  (<5%  admixture) 

•Visual  inspection:  PCA  with  reference  populations  and  color  coding  for  main  ancestral  groups 

Nievergelt  et  al.,  2014 


Predictors  of  pre-deployment  levels  of  pNPY 
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GxE:  There  is  no  significant  interaction  between 
childhood  trauma  and  rs3037354 


CD  1 

00 

3 

I 

T— 

00 

CD 

CD 

o 

o 

> 

LO 

Csl 

o 

o 

o 

CL 

c\i 

O 

o 

o 

o 

O 

CD 

3 

CD 

00 

CO 

CM 

■ 

■ 

00 

> 

1 

CO 

CO 

CM 

i 

CM 

i 

• 

o 

00 

O) 

LLt 

CO 

o 

o 

o 

T~ 

r* 

CO 

o 

o 

o 

o 

o 

O 

CD 

-W 

m 

CM 

o 

CM 

CM 

• 

CM 

w 

CD 

CD 

■ 

o 

* 

o 

o 

1 

O 

i 

o 

* 

CD 

0 

c 

E 

E 

0 

3 

3 

E 

CD 

u_ 

0 

5— 

1- 

1 - 

CD 

-4— » 

LO 

CJ 

Q_ 

"O 

a 

"O 

o 

LO 

Q. 

CO 

0 

o 

w 

r-J 

CO 

_Q 

CD 

CD 

CD 

O 

CD 
-*— » 

CD 

O) 

h- 

co 

o 

CO 

Q 

o 
■  — 

w 

t?  ! 

W 

T3 

h- 

CO 

o 

CO 

> 

c 

< 

CO 

Cl 

6 

6 

if) 

1_ 

c 

o 

’(/> 

CO 

<1) 

■oo 

CL) 

DC 


CO 

<0 

c 


y) 

CD 

c 

• 

u_ 

CD 


CO 

N- 

CM 

CM 


Adjusted  for  ancestry  and  prior  deployment  status. 


Intensity  of  Combat  Exposure  is  a  predictor  of  post-deployment 
pNPY  levels 
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Analysis  for  adjusted  for  baseline  pNPY  levels  and  ancestry  (NS) 


Model  including  childhood  trauma  and  prior  deployment 
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Adjusted  for  baseline  pNPY  levels,  ancestry,  and  prior  deployment  status 


Baseline  pNPY  levels  do  not  predict  post-deployment  PTSD 

Count  Model: 

Variable  Beta  SE  z  value  p  value 
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Adjusted  for  ancestry 


Cerebrospinal  Fluid  NPY  Concentration, 
Anxiety,  Temperament,  and  PTSD  Status 
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Humans:  Lower  CSF  NPY  concentrations  in  PTSD 
compared  to  non-combat  (Sah  et  ai.,  2011)  and  combat 
controls  (Sah  etal.,  2014) 


Low  CSF  NPY  levels  in  PTSD 
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PTSD  compared  to  combat  controls  and  civilians 


Unanswered  questions/future  directions 
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Hirsch  and  Zukowska  2012 


Developing  MEG  and  DTI  Markers  for  PTSD 
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Post-Traumatic  Stress  Disorder:  PT! 


Devastating  Earthquake  Tiananmen  Square  Massacre 
and  Tsunami,  Japan,  2011  Beijing,  China,  1989 


The  neurocircuitry  of  PTSD 
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Neuropsychopharmacology  35: 169-191,  2010): 
Hyper-responsive  Amygdala 
Hyper-responsive  Hippocampus 

Hypo-responsive  ventromedial  prefrontal  cortex  (vmPFC) 


Limitations  of  PET  and  fMRI  Studies  for  PTSD 
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PET/fMRI  findings  in  PTSD? 


Why  MEG  Society  should  not  Ignore  fMRI? 
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EEG  vs.  MEG  Technology,  both  with  millisecond 

temporal  resolution 

EEG  K  MEG 


MEG  Source  Magnitude  Images  of  Brain  Rhythms  for  Different 
Frequency  Bands  (a:  8-12  Hz,  P:  15-30  Hz,  y:  30-80  Hz,  5+0: 1-7  Hz 

Huang  et  aL,  Neuroimage,  84:  585-604,  2014  (Fast- VESTAL) 


Whole  brain  rs-MEG  source-amplitude  images  averaged  from  41  healthy 
subjects  in  MNI-152  atlas  coordinates  from  Fast- VESTAL  in  alpha  (1st  row). 
Feta  (2nd  row),  gamma  (3rd  row),  and  low-frequency  (delta  plus  theta,  4^  row) 
bands. 


EG  protocol  for  imaging  the  neurocircuitry  of  PTSD 
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MEG  data  processing 
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MEG  gamma-band  (upper  panel)  and  high  gamma  band 
(lower  panel)  hyper-  and  hypo-activity  in  PTSD 


•Hyper-activity:  L+R  Amygdala  (white  arrows),  L  hippocampus,  L+R 
posterolateral  OFC  (magenta  arrows),  L+R  insular  cortex,  dmPFC,  etc. 
•Hypo-activity:  vmPFC  (green  arrows),  L  dlPFC,  precuneus  cortex,  etc. 


Hypo-activity:  bilateral  FPs,  bilateral  dlPFC,  right  superior  frontal  gyrus, 
bilateral  anterior  temporal  lobes,  bilateral  precuneus  cortices,  and  bilateral 
sensorimotor  cortices. 


PTSD  Symptoms  (CAPS)  Correlating 
with  MEG  Source  Magnitude 
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Resting-state  fMRI  findings  in  PTSD 
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Fig.  1.  Brain  regions  showing  significant  group  differences  between  PTSD  and  controls  in  terms  of  magnitudes  of  spontaneous  activity.  The  crosshairs  are  focused  at  the 
following  brain  regions:  (a)  orbital  frontal  gyms,  (b)  anterior  cingulate  cortex,  (c)  superior  frontal  gyrus,  (cl)  dorsal  lateral  prefrontal  cortex,  (e)  amygdala,  (f)  insula,  (g) 
thalamus  and  (h)  precuneus.  Warm  colors  (red  and  yellow)  represent  increased  spontaneous  activity  in  the  PTSD  group  compared  to  the  control  group,  whereas  cold  color 
( blue)  represents  decreased  spontaneous  activity.  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  the  article.) 


Diffusion  Tensor  Imaging  (DTI) 

DTI  is  an  MR  imaging  technique  based  on  the  Brownian  motion  of  water 
through  tissues 

It  measures  how  easy  that  water  molecules  move  along  the  direction  of  white 
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offers  markedly  more  information  in  terms  of  new 
abnormal  areas,  frequency-bands,  etc. 
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hat  is  the  neurophysiology  for  resting-state 
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Whole  brain  rs-MEG  source-amplitude  images  averaged  from  41  healthy  subjects  in 
MNI-I52  atlas  coordinates  from  Fast- VESTAL  in  alpha  (1st  row),  beta  (2nd  row), 
gamma  (3rd  row),  and  low-frequency  (delta  plus  theta,  4th  row)  bands. 
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Huang  et  al.,  Neurolmage:  Clinical,  2014,  5:109-119. 


Huang  et  al.,  Neurolmage:  Clinical,  2014,  5:109-119. 


Voxel-Based  maps  showing  me  percent  likeHHbod  of 
abnormal  MEG  slow-wave  generation 


Huang  et  al.,  Neuroimage:  Clinical,  2014,  5:109-119. 


MEG  slow-wave  source  magnitude 


Huang  et  al.,  Neuroimage:  Clinical,  2014,  5:109-119. 
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Huang  et  al.,  J  Neurotrauma.  2009  Aug;26(8):1 213-1 226. 


Relation  of  abnormal  slow-wave  images  in  GM  (MEG,  hot  spots)  and  reduced 
FA  in  WM  tracts  (DTI,  light  blue  clusters  indicated  by  blue  arrows)  in  6  mTBI 
patients.  All  images  are  registered  in  MNI-152  atlas  coordinates 

Huang  et  al.,  (in  preparation) 
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consistent  with  reduced  FA  in  white-matter  tracks. 
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First  GWAS  in  Dopamine  Beta  Hydroxylase  confirms  strong  cis-acting  variants  and  lends  support  for 
its  role  as  an  intermediate  phenotype  in  post-traumatic  stress  disorder 

H  r— 

UC  San  Diego  a.X.  Maihofer1,  M.  Mustapic1-2-4,  D.G.  Baker3,  D.T.  O'Connor2,  C.M.  Nievergett13 

1 )  Department  of  Psychiatry,  University  of  California  at  San  Diego,  La  Jolla.  CA.  2)  Department  of  Medicine,  University  of  California  al  San  Diego,  La  Jolla,  CA,  3)  VA  Center  of 
Excellence  for  Stress  and  Mental  Health  (CESAMHJ,  VA  San  Diego  Healthcare  System,  La  Jolla,  CA  4)  Division  of  Molecular  Medicine,  Ruder  Boskovic  Institute,  Zagreb,  Croatia 


Introduction 


Results 


Dopamine  beta-hydroxylase  [DBH)  catalyses  formahon  of  norepinephrine, 

DBM  is  expressed  in  noradrenergic  nerve  terminals  oFtfoe  central  and 
peripheral  nervous  systems,  as  well  as  in  chromaffin  cells  of  the  adrenal 
medulla.  DBH  is  present  in  cerebral  spinal  fluid  and  plasma  (pDBH)  as  stable 
heritable  trail.  Differences  in  DBH  expression  or  activity  might  reflect  a  role  in 
the  pathogenesis  of  cardiovascular  and  n  euro  psychiatric  disorders.  The 
genetic  mechanisms  underlying  DSH  activity  and  its  secretion  have  been  only 
partially  explained  and  no  genome  wide  search  has  yet  been  performed 

We  investigated 

1)  <f  a  genome  wide  search  would  identify  additional  variants  acting  on 
pDBH, 

2 )  the  f u  nction  a  lily  of  prormot  er  va  f  I  ants  - 

3)  the  causal  relations  hip  between  pDBH  and  PTSD  symptoms,  using  a 
Mendelian  randomisation  approach. 

Methods 

Partidpantst  Marine  Resiliency  Study  (MRS)  males  of  European  (EA)  or 
Hispanic/Native  American  (HNA)  descent  (N=434)  {Baker  et  at.  2012), 

DS8  measure:  Measured  in  plasma  {pDBH}  by  a  modified  Nagatsu/Udenfriend 
spectrophotometric  method: 

PTSD  measure:  CAPS  re  experiencing  symptom  score  (subscale  B) 

Ge notyping;  llu  min  a  HQEE  BV1  array.  QCed  using  standard  methods, 
imputations:  IMPUTE2  with  1000  Genomes  Project  reference  subjects. 
Association  between  SNPs  and  pDBH  (GWAS): 

*  Linear  regression  of  pDBH  on  5NP,  with  covariaies  for  age  and  3  principal 
components  (PCs),  For  population  stratification, 

■  Separate  analysis  Of  E  A  (N=34i)  and  NA  {N=B3)  ancestry  groups,  combined 
in  inverse  variance  weighted  meta  analysis 

■  Additional  follow  up  analysis  was  conditioned  on  DBH  promoter  SNPs. 

In  vivo  association  of  promoter  variant  ha  platypus  and  pDBH  enzymatic 
activity:  Performed  using  linear  regression  models  and  ANOVA  based  on  an 
additive  genetic  model,  with  age,  cohort,  and  3  PCs  as  covariates. 

In  vitro  functional  effects  of  trait-associated  OSH  promoter  variants: 

DBH  promoter/reporter  haplotypes  and  additional  variants  were  constructed 
and  co  transfected  into  pheochromocytoma  cells.  Analysis  of  variance 
(ANOVA)  was  used  to  compare  luciferase  reporter  activity  between  different 
DBH  haplotypes. 

Men  del  bn  Random  nation:  Estimates  for  the  effect  of  pDBH  on  PTSD 
Symptoms  were  derived  using  a  control  Functions  approach,  where  rslSllllS 
was  used  as  an  instrumental  variable  for  pDBH 


A,  Plasma  DBH  activity 


B*  PTSD  symptoms  (CAPS  B) 


!♦  GWAS  for  plasma  DBH  in  434  men  of  European  or  Hispanic/Native  American  descent 
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Figure  2:  A.  Manhattan  plot  of  the  GWAS  for  pDBH 
rn  EA  subjects.  B.  Close  up  of  the  Manhattan  plot 
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2,  Influence  of  functional  DBH  variants  on  plasma  DBH  activity 
In  vivo 


In  vitro 


6  ■iHF  Import* 
[Mh  J714  mboMr 

!■  DLTtCt 
J  C.rtLCE 
s  DctrciLtWfl 
A.  6£KO 


ii  mu  aialtUfR  fMil'tfrrM  p<*ip» 

eic  cec  tec  tct 

OSKpromOCW  hApfalyp© 

Figure  3:  In  vivo  effects  of  DBH  promoter  functional 
variants  on  plasma  D&H  activity 
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Figure  A:  In  vitro  effects  of  human  DBH  promotei 
variant  rslfl76]50:  balanced  mutants  on  two 
haplotype  backgrounds 


3.  DBH  as  a  causal  predictor  of  PTSD  symptoms 

-  DBH  and  PTSD  re-experiencing  symptoms  were  found  to  be  positive  hy  as  so  cia  t  ed  ( p=Q.005) 

-  rslbllllS  was  employed  as  a  genetic  instrument  to  test  for  a  causal  effect  of  plasma  DBH  on  PTSD  symptoms, 
■  The  unconfounded  estimate  of  the  association  of  pDBH  and  re-experiertcing  symptoms  was  significant 

(beta=0,2G,  p  =  0,002) 
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Figure  5:  DBH  used  to  produce  an  unconfounded  estimate  of  the  causal  effect  pDBH  on  PTSD. 


Figure  1:  Histograms  of  phenotypes  under  investigation. 


Conclusions 


1)  First  GWAS  of  plasma  DBH  has  identified; 

*  The  DBH  gene  as  the  principal  locus  determining  pDBH  levels  (R2-  S7%)  in  both  EA  and  NA  populations. 

*  Two  novel  loci,  SARDH  and  LOC33S797 

2)  SNP  rslG76l£0  has  a  functional  effect  on  transcription  in  vivo  and  in  vitro. 

3)  We  found  evidence  of  causal  association  between  plasma  DBH  and  PTSD  symptoms, 

)n  perspective,  the  characterisation  of  DBH  activity  and  Its  underlying  genetic  regulation  has  positioned  us  uniquely  for  future  studies  of  "intermediate  phenotypes', 
potentially  leading  to  discovery  of  causa!  variants  in  complex  genetic  trails  and  disorders  such  as  Found  in  the  psychiatric  and  cardiovascular  fields. 
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Impact  of  Childhood  Maltreatment  on  Physical  Health- 
Related  Quality  of  Life  in  U.S.  Active  Duty  Servicemen 

and  Veterans 

Laura  Aversa, Ph.D.1;  Jennifer  Lemmer,  Ph.D.,  M.P.H.2;  Sarah  Nunnink,  Ph.D.1’3, 

Robert  McLay,  M.D.,  Ph.D.4  &  Dewleen  G.  Baker,  M.D.1'3,6  '  VASan  Diego  Healthcare  System  2  Central  Texas  VA 

Healthcare  System 

3  Department  of  Psychiatry,  University  of  CaMfornia,  San  Diego A  Naval  Medical  Center,  San  Diego 5  VISN  22  Center  of  Excellence  for  Stress 

and  Mental  Health 


Background 

Childhood  maltreatment,  depression  and  PTSD  are  related  to  poor  physical  health  outcomes 
and  health’ related  quality  of  life  (HRQoL), 

Higher  fates  of  history  of  childhood  maltreatment  have  been  documented  in  veterans  and  active 
duty  service  members  of  the  US  Armed  Forces  compared  to  the  general  population,  and  has 
been  shown  to  be  a  direct  risk  factor  in  the  development  of  combat-related  PTSD. 

Childhood  maltreatment  also  increases  the  risk  of  development  of  mental  health  problems  such 
as  depression,  poor  perceptions  of  health,  and  poor  health  status. 

Our  study  aimed  to  further  understand  the  effect  of  childhood  maltreatment,  PTSD,  and 
depression  on  physical  HRQoL  in  an  all-male  sample  of  US  military  veterans  and  active  duty 
servicemen. 

Specifically,  our  study  aimed  to  examine  whether  PTSD  or  depressive  sy  mptoms  mediate  the 
relationship  between  childhood  maltreatment  and  physical  HRQoL  in  a  mate  military  sample,  as 
PTSD  was  found  to  mediate  the  relationship  between  childhood  maltreatment  and  physical 
HRQoL  in  a  sample  of  female  veterans . 

Methods 

Participants  were  249  male  OEF/OIF  active  duty  service  members  and  combat  veterans  who 
volunteered  to  participate  in  a  research  study  examining  genetic  risk  factors  associated  with 
PTSD 

Participants  were  recruited  at  the  VA  San  Diego  and  Naval  Medical  Center  through  clinician 
referrals  or  self-referral.  The  sample  included  both  individuals  with  diagnostic  levels  of 
depression  and  PTSD  and  those  with  sub-threshold  or  absence  of  symptoms. 

Inclusion  criteria:  Moderate  level  of  combat  exposure,  having  returned  from  deployment  for  at 
least  6  months. 

Exclusion  criteria:  Current  alcohol  or  drug  dependence  and  a  seif-reported  history  of  a  pre- 
deployment  Axis  I  disorder. 

Participants  completed  self-report  questionnaires  including  the  Combat  Exposure  Scale  (CES), 
the  Childhood  Trauma  Questionnaire  (CTQ),  and  the  Medical  Outcomes  Short-Form  36  (SF-36). 

Participants  also  completed  a  clinical  interview  and  were  administered  the  Clinician- 
Administered  PTSD  Scale  for  DSM-IV  (CAPS)  and  the  Hamilton  Depression  Rating  Scale 
(HAM-O). 


Table  1 .  Sample  Characteristics 

~3 

Demographics  and 
Predictor  Variables 

N=249 

SF-36  Sample  Means 
(K=I49) 

M  (SD> 

A$e  M  (5D) 

29,0  (7,1) 

Physical  Component  Score 

51.7  (9*7) 

Active  Duty  H,  % 

112  (45.0) 

Physical  Functioning 

82,9  (23.3) 

Caucasian  N„  % 

192  (77.0) 

Role- Physical 

71 .4  (39.1) 

Combat  Exposure  M  |SD) 

26,4  (9,6) 

Bodily  Pain 

63.0  (24.9) 

CTQTotal  Score  M  (SD) 

40.7  (14.7) 

General  Health 

68.2(21.6) 

CAPS  Total  Score  M  ($£>) 

53,9  (3Z.2) 

Vitality 

45,9  (22.4) 

HAW-0  Total  Score  M  (SO) 

10.0(7.3) 

Social  Functioning 

62.9  (32.0) 

C_ _ _ _ J 

Analyses 

Multiple  regression  was  employed  to  estimate  an  omnibus  model  of  the  relation  of  PTSD 
symptoms,  depressive  symptoms,  and  childhood  maltreatment  to  the  Physical  Component 
Summary  (PCS)  of  the  SF  36. 

Mediation  was  tested  using  the  criteria  that  the  Independent  variable  must  predict  the 
mediator,  the  mediator  must  predict  the  dependent  variable,  and  the  independent  variable 
must  predict  the  dependent  variable  in  the  absence  of  the  mediator  (Baron  &  Kennyr  1986), 
A  Sobel  test  was  conducted  to  determine  statistical  significance  of  the  mediation  effect. 

Results 

Sample  characteristics  are  reported  in  Table  1.  Both  PTSD  and  depression  mediated  the 
relationship  between  childhood  maltreatment  and  the  overall  physical  HRQoL  summary 
score  (Sobel  1—2.14,  p-03  for  PTSD;  t— 2.14.  p=  03  for  depression), 

Table  2  reports  the  results  of  omnibus  regression  Depression  explained  a  significant 
proportion  of  Ibe  variance  in  HRQoL,  10%  of  the  unique  variance. 


Table  2,  Multiple  Regression  Predicting  Physical  Composite  Summary 


Overall  Model  R*=  0.14  F  for  A#?2  -  8.79  p«.001 


Predictor 

B 

SE 

t 

Constant 

57.20 

2.33 

— 

Duty  Status 

1.72 

VZ4 

1.38  i 

Combat  Exposure  (CES) 

■0.01 

0.08 

■0-15 

Childhood  Maltreatment  (CTQ) 

-.006 

0.04 

-1.46 

PTSD  symptoms  (CAPS 

.016 

-003 

0.50 

Depressive  symptoms  (HAM-DJ 

0.45 

0.13 

-3-50  (p«+00l) 

Conclusion 

PTSD  and  depression  both  mediated  the  relationship  between  overall  physical  HRQoL  and 
childhood  maltreatment. 

In  a  sample  of  all-male  veterans  and  active  duty  service  members,  we  found  simila' 
impairment  in  overall  physical  HRQoL  as  has  been  demonstrated  in  all-female  and 
community  samples. 

Qur  study  lends  further  support  to  previously  published  findings  thal  identified  depression 
as  a  factor  with  a  large  effect  on  physical  HRQoL  Previous  studies  have  examinee  PTSD 
as  a  mediator  between  childhood  maltreatment  and  physical  HRQoL,  but  (here  has  been 
less  focus  on  depression  as  a  mediator 

The  meditations  I  relationship  is  important  and  may  lend  further  support  to  neu  radiological 
research  that  early  adverse  experiences  can  sensitize  the  central  nervous  system  and  leapt 
to  increased  risk  tor  anxiety  and  depressive  disorders. 


Acknowledgement:  Funding  was  provided  by  VA 
Clinical  Research  and  Development  (VACSR&P) 


Identifying  Extinction  Learning 
Trajectories  and  their  Association 


i  •  $  ■  -  $ in 

;  |f  r*i  //I;"'  |!jj| 

V;.  H  s  J 


•  \m 

ti  t: .  i. 

4 1 

i  ■  (j , 

-  ff  - 


•  rH 


be 

3 

o 


<D 

7-t 


■fr 


og  > 

LJ  k  ?H 

&1  ^  ^ 
S  s  ° 

►>q  2 

CO 1-1  a 

a  J 

•  rH  ^  Jr! 

f-i  *rt  ■% 

•S<!  j 
o  ^  i 

CO  <X>  O 


^  o 

6  a 


(X)  § 

.  X 

—l  0) 

P.  -S 


r1  ctf 
^CO 


s-i 

-t? 

CO 


H  CO 
«  >> 
a  co 


i#  pi 

H  |S  I  >H 


•  Posttraumatic  Stress  Disorder  (PTSD)  is  a 
heterogeneous  psychiatric  condition 


Sh 

CD 

o5 

CO 

S  CO 
O  CD 

ft 

gr2 

COrd 
.  4^ 

05 

o  a 

<D  °3 

£.2 

03  tJ3 

O 

— ^  r-H 

P.2 

E— 1  <4_, 

Oh  O 

.3  3 

CO  4f 

O  03 

a  a 

hjo  o 
a5^rj 

T3  O 
-a  CD 

a  ft 

S  1/1 

H  cl 

5h  2 

r-»f  CO 

6$ 


T3 

* »— i 

o5 

O 

+■> 

CO 

fH 

CD 

M 

co 

5  >» 

g  05 

o  & 

33 


05 


cm  ft 

•  rH 

d  03  ^ 

t5  bJj  H 

'^o 
O  O  GO 

-+->  -i-t 

■B  -£2 

a  ,  ^ 

cs  SP  ° 


+-> 


d 

3^.2 

ft  5  trt 

a  3.§ 

•  rH  CO  cj~j 

►o  a>  co 
H75  ® 
cti  d  o5 


Po 


o 


cm  co  ^ 


Treatment 

Prevention 


Cd 

0 


>i  cd 

£  .2 

T5 

d  d 
cs  d 

od  5 

T3 

>>£' 
£  o' 
d  Tx 

fi.® 


>> 

Sh 

3 


CO 

CO 

0 

$-1 

CO 

o 


be 

G 


^+— ! 
o 


2  a 

-M  (X) 
CO  Jh 

<D  ^ 

£>ft 

*  O 
1—1  o 


CO 

0 

rH 

CO 

rH 

Sh 

<0H 

o 

CO 

Sh 

0 

^1 

cd 


Oq 


0 
0 

0  II 


*  iH 

o 

ft 

0 


0 


>» 

o 


' — 1  — . 

_o  Q 
0 
be 


Q 


0 

pLn 


(N 


PTSD:  Clinician  Administered  PTSD  Scale  (CAPS) 


Fear  Potentiated  Startle  Conditioning 
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Response  =  [Startle  in  presence  of  eue(CS)]  -  [Startle  in  absence  of  cue  (NA)] 
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Aims  of  Current  Analysis 

•  Employ  latent  class  mixture  modeling  (LCMM)  to  define 
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Marine  Resiliency  Study  (MRS) 

Goal:  Predictors  of  Risk  and  Resilience  for  Posttraumatic  Stress  Disorder 
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MRS  Longitudinal  Data  Sources 

Psychological  and 

Behavioral  assessments  Career  History  Archival  Medical 

/psychiatric  and  medical  "\  and  Personnel  System  database 


"S’  O- 
o  « 

Q.  %*m 

i  Q_ 
O 

3  aj 

-2  -Q 
T3  (D 


CO 

$ 

<D 

<U 

4-" 

c 

u 

u 


m 

u 
• — 

Q 

co 


CO 

OJ 

'ro 

c 

c 

.2  ro 

5  .y 

OJ  00 
13  O 

o 

-H  _r* 

°  f 

6  I 

V  o 

S_ 

ai  = 

on  a) 


heart  rate  variability 


PTSD  diagnosis  using  CAPS 

•  Criterion  A.  The  person  has  been  exposed  to  a  traumatic  event  in  which  both  of  the  following 
were  present: 

(1)  the  person  experienced,  witnessed,  or  was  confronted  with  an  event  or  events  that  involved 
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Clinician  Administered  PTSD  Scale  (CAPS) 
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Bayesian  based  cluster  methods  (STRUCTURE)  to  generate  ancestry  estimates  based  on  HGDP 
reference  populations  and  AIMs 

Determination  of  main  ancestral  groups  (<5%  admixture) 

Visual  inspection:  PCA  with  reference  populations  and  color  coding  for  main  ancestral  groups 
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Genome-wide  significant  association  for  SNPs  in  the 
phosphoribosyl  transferase  domain  containing  1  gene  (PRTFDC1) 
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(A)  Manhattan  plot  of  genome-wide  association  results  for  PTSD  from  a  meta-analysis  of  subjects  from  mixed 
ancestries 

(B)  Regional  association  plot.  The  color  of  each  circle  is  based  on  R 2  with  rs6482463  and  recombination  rates  are 
based  on  European  reference  subjects  from  the  IK  Genomes  Project.  The  region  of  the  associated  LD  block  (40kb 
in  intron  3)  shows  enrichment  in  H3K27Ac  and  H3K4Me3  histone  marks,  indicative  of  high  transcriptional  activity. 


Similar  effect  of  SNPs  in  PRTFDC1  on  PTSD  across  MRS  ancestry  groups 
and  an  independent  military  replication  sample  (NCPTS) 


MAF,  minor  allele  frequency  for  A1  allele;  OR,  odds  ratio;  SE,  standard  error  of  the  mean;  Q,  p-value  for  Cochran’s  Q.  statistic;  meta, 
inverse-variance  weighted  meta-analysis;  EA,  European  American;  AA,  African  American;  HNA,  Hispanic  and  Native  American  descent; 
OTH,  other. 
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GWAS  Study  design:  PTSD  symptom  changes 
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Secondary  GWAS  models 
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Adding  more  trauma  variables  increases  gene  effect  on  PTSD  outcome 
Dominant  genetic  model  is  more  significant  than  an  additive  one 
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Role  of  CSMD1  in  Neuropsychiatric  disorders 
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post-traumatic  stress  disorder 
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Subjects:  36  PTSD  cases,  63  controls 
At  6  months  post-deployment 

Conditioned  on  pre-deployment  methylation  and  combat  exposure 


Mean  (±SE)  levels  of  methylation  in  CSMD1  probe  is  significantly  lower  in 
PTSD  cases  compared  to  controls  three  months  after  exposure  to  combat 
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Linear  regression  (p-regression)  with  predictors  cases  status,  predeployment  methylation,  and  3  PCs 


Significantly  lower  gene  expression  in  CSMD1  in  PTSD  subjects  compared  to 

controls  at  post-deployment  assessments 
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Data  represent  fold  change  (2_iVST)  ±  $E,  relative  to  controls,  following 
normalization  and  VST  transformation 
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Bayesian  based  cluster  methods  (STRUCTURE)  to  generate  ancestry  estimates  based  on  HGDP 
reference  populations  and  AIMs 

Determination  of  main  ancestral  groups  (<5%  admixture) 

Visual  inspection:  PCA  with  reference  populations  and  color  coding  for  main  ancestral  groups 
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Genome-wide  significant  association  for  SNPs  in  the 
phosphoribosyl  transferase  domain  containing  1  gene  (PRTFDC1) 


Recombmalion  rate  (cM/Mb) 
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(A)  Manhattan  plot  of  genome-wide  association  results  for  PTSD  from  a  meta-analysis  of  subjects  from  mixed 
ancestries 

(B)  Regional  association  plot.  The  color  of  each  circle  is  based  on  R2  with  rs6482463  and  recombination  rates  are 
based  on  European  reference  subjects  from  the  IK  Genomes  Project.  The  region  of  the  associated  LD  block  (40kb 
in  intron  3)  shows  enrichment  in  H3K27AC  and  H3K4Me3  histone  marks,  indicative  of  high  transcriptional  activity. 


Similar  effect  of  SNPs  in  PRTFDC1  on  PTSD  across  MRS  ancestry  groups 
and  an  independent  military  replication  sample  (NCPTS) 


MAP,  minor  allele  frequency  for  At  allele;  OR,  odds  ratio;  SE,  standard  error  of  the  mean;  Q,  p-value  for  Cochran’s  Q  statistic;  meta, 
inverse-variance  weighted  meta- analysis;  EA,  European  American;  AA,  African  American;  HNA,  Hispanic  and  Native  American  descent; 
OTH,  other. 


Similar  effect  of  SNPs  in  PRTFDC1  on  PTSD  across  MRS  ancestry  groups 
and  an  independent  military  replication  sample  (NCPTS) 


MAP,  minor  allele  frequency  for  A1  allele;  OR,  odds  ratio;  SE,  standard  error  of  the  mean;  Q,  p-value  for  Cochran's  Q  statistic;  meta, 
inverse-variance  weighted  meta-analysis;  EA,  European  American;  AA,  African  American;  HNA,  Hispanic  and  Native  American  descent; 
OTH,  other. 
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GWAS  Study  design:  PTSD  symptom  changes 
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Post-deployment  PTSD  case-control  GWAS 
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Chromosomal  Positions 


Secondary  GWAS  models 
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•  Adding  more  trauma  variables  increases  gene  effect  on  PTSD  outcome 

•  Dominant  genetic  model  is  more  significant  than  an  additive  one 
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Cub  and  Sushi  Multiple  Domains  1 


Role  of  CSMD1  in  Neuropsychiatric  disorders 


Recombination  rate  (cM/Mb) 
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cognitive  processes  (Rose  etal.  2013) 


MRS  Genomic  Projects 

DNA  and  RNA  isolated  from  peripheral  blood  leukocytes 
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Gene  networks  specific  for  innate  immunity  define 
post-traumatic  stress  disorder 

MS  Breen AX  Maihofer*’,  SJ  Glatt^,  DS  Tylee3,  SO  Chandler2,  MT  Tiuangi*A6’?,  VB  Rrsbrough2>.  OG  Baker'2'*.  OT  O'Connor 
CM  Ktevergeit>’^*  and  CH  Woetk'* 
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Subjects:  36  PTSD  cases,  63  controls 
At  6  months  post-deployment 

Conditioned  on  pre-deployment  methylation  and  combat  exposure 


Mean  (±SE)  levels  of  methylation  in  CSMD1  probe  is  significantly  lower  in 
PTSD  cases  compared  to  controls  three  months  after  exposure  to  combat 
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Linear  regression  (p-regression)  with  predictors  cases  status,  predeployment  methylation,  and  3  PC's 


Significantly  lower  gene  expression  in  CSMD1  in  PTSD  subjects  compared  to 

controls  at  post-deployment  assessments 
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Data  represent  fold  change  (2  AVST)  ±  SE,  relative  to  controls,  following 
normalization  and  VST  transformation 
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Mustapic  et  al.  (2014).  The  catecholamine  biosynthetic  enzyme  dopamine  p-hydroxylase(DBH):  First  genome-wide 
search  positions  trait-determining  variants  acting  additively  in  the  proximal  promoter.  Human  Molecular  Genetics. 
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Duration  of  the  disturbance  (Criteria  B,  C,  D,  and  E)  is  more  than  1  month. 


Posttraumatic  Stress  Disorder 


</> 


<u 

iA 

O 

Q. 

X 

Q) 


X 

o 


o 

o 

<D 


ni  o 
U  C 

<u  ns 

W)  c 
c  <u 
o  > 

E  * 

Q 

QJ  ^ 
U 

C  O 

OJ 

£ 

ns  »— 

>  3 

<U  +■» 

£_  ro 


<u 

to 

to 

<U 

to 

to 

(U 


to 

*  ■  1 1 

LO 

<u 

00 

03 


to 

a> 

* 

03 

> 


m 


m 

Q 

■ 

O 

<u 

"O 

+-> 

_ro 

C 

zs 

CL 

- — - 

O 

V 

Q_ 

to 

m 

03 

<L> 

Q> 

E 

C 

* 

o> 

-M 

<D 

00 

a> 

- — 

“D 

-L-* 

<U 

+-> 

o 

u 

M— 

<L> 

NP 

os 

o 

■ 

Cl 

00 

I 


03 

4-* 

03 

.o 

E 

o 

u 


-a 

<u 

+-» 

o 

Q_ 

CD 

CC 


I 


by  the  publication  source,  ranging  from  5%  to  20% 

(Ramachand  et  al.,  (2010)  Journal  of  Traumatic  Stress  23  (1),  20-68.  2010) 
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diagnosis  to  group  subjects  and  use  ordered  logistic  regression  to  model  the 
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Genomic  Predictors  of  Combat  Stress 
Vulnerability  in  U.S.  Marines: 
Genome-wide  Association  Studies  across 
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